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PREFACE 


This text is intended to cover the course outlined by 
representatives of some forty institutions who met at the Mass- 
achusetts Institute of Technology in November, 1941 to consider 
the demand, engendered by the war for engineers and physicists 
with training in the ultra-high-frequency field. But despite 
the fact that the book is the result of war pressure, it covers 
no specific military material. Its contents will be useful in 
time of peace as well as war, and it represents essentially a 
reorientation of viewpoint rather than a choosing of topics for 
an excessively specialized purpose. 

All the authors were members of the conference and in 
preparing the manuscript they have adhered closely to the sylla- 
bus produced there. The title of the book is the title chosen 
for the course, and is slightly ambiguous in that the text is 
more concerned with the bases of u-h-f techniques than with the 
techniques themselves, except in the laboratory manual of Ch: 15. 

The book begins with a brief review of the elements of 
circuit theory and electron tubes. Thereafter, following the 
outline evolved by the conference, it presents in unified manner 
the material required as the minimum basis for technical work in 
the ultra-high-frequency field. In certain sections, subject 
matter is included which exceeds that required as the minimum 
basis, in order that the book may have even wider application. 
It also contains much necessary material from other fields, be- 
cause u-h-f work requires the use of many low-frequency circuits 
and pieces of equipment. Consequently, considerable material 
from ordinary communication courses is presented (in condensed 
form), so that the student can work continuously through this 
book without referring to others as he proceeds. 

The general "level" is that of senior students in elec- 
trical engineering and physics. Sufficient theoretical back- 
ground is given for the various topics to make the presentations 
convincing, and to give the student an appreciation of at least 
some of the possibilities which each topic offers, the difficul- 
ties which may be encountered, and the actual or potential ap- 
plications. Although a reasonable mathematical background is 
presented, particularly in those fields such as radiation and 
hollow wave guides where the senior student is likely to meet 
material entirely new to him, nevertheless most of the text can 
be read by a person seeking specific information without involve- 
ment in the more detailed developments of the theory. A brief 
laboratory manual is included covering the experiments which are 
an integral part of the course. 
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This text is designed as a strictly utilitarian tool for 
use in the standard techniques course. It has been prepared on 
short notice by men who have been well occupied with other du- 
ties, and the results of the quick preparation of the manuscript 
undoubtedly show in the text. The authors will welcome criti- 
cisms, not only to improve the present content of the book but 
also to make such changes in emphasis and content as will permit 
the text to be of greatest possible service at this time. 

It was not possible to have the manuscript read by each 
author, and such lack of coédrdination as may be found in the 
work is the fault of the person (J.G.Brainerd) who edited the 
contributions. 

It has been convenient to make direct use of numerous 
existing illustrations, as well as indirect use of much pub- 
lished material. To the original producers of these the authors 
extend their thanks. In addition, Professor Reich has used sec- 
tions from his "Principles of Electron Tubes" in Ch. 4 and a 
number of illustrations in Ch. 2. The authors are indebted to 
the McGraw-Hill Book Co., and in particular to Mr. James S. 
Thompson, Vice-President of that company, for permission to use 
this material. | 

This preface would not be complete without an acknowledg 
ment of the work of Professor W. L. Barrow, who organized and 
presided over the conference from which the ultra-high-frequency 
techniques course grew, and from which arose the immediate cause 
for this book. 


July, 1942 The Authors 


EDITORIAL PREFACE 


by 


WwW. L. Barrow 
Massachusetts Institute of Technology 


Early in the summer of 1941 our country was in a period 
in which matters pertaining to its defense were receiving in- 
tensive consideration. We were then introduced to the variety 
of military and naval activity that has since become our daily 
fare. Many illuminating lessons were being learned from our 
allies as well as from our enemies, and our National Defense 
Program was being formulated into a coherent and clear picture. 
Although many radically new weapons, battle tactics, and mili- 
tary and naval devices were being continually presented to our 
view, no other single matter was more striking than the vital 
role of radio communication in the war. It became clear to many 
of us that the demand for trained specialists in electrodynamics 
and ultra-high-frequency techniques would shortly exceed the 
country's normal capacity to supply them. It was further evi- 
dent that although the shortage of manpower would occur in both 
the upper and lower levels of competency, the shortage of men 
having a degree in engineering physics or its equivalent, as 
well as a specialized training appropriate to the new field, was 
a difficult problem to overcome. No substitute for the time 
element in preparing men of such qualifications can be devised. 

A proposal for increasing the number of men trained at 
this high level was made by Dr. Karl T. Compton, Dean Edward L. 
Moreland, and others at the Massachusetts Institute of Tech- 
nology in accordance with which a group of educational institu- 
tions throughout the country would provide uniform special 
courses for seniors in electrical engineering and physics. These 
courses, following adequate prerequisites, would provide a suf- 
ficient amount of the specialized knowledge necessary for im- 
mediate work in the field. The specific objective of this pro- 
posal was to create an immediate sourse of men trained at this 
high level for the following activities: 


1. Army, Navy, and Marine Corps in their various branch- 
es. 

2. Electronics Training Group Replacement, for a period 
of service in England. 

3. Governmental research and development, such as Radia- 
tion Laboratory and Civil Service. 

4, Industry, particularly in regard to its military and 
naval requirements. 
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5. Teaching, particularly to enlarge further the reserve 
of trained specialists. 


further and most important objective was to organize a group 
of codperating universities that could be utilized in ways dic- 
tated by the developments of the succeeding period. This pro- 
posal coincided with plans already in evolution in the Engineer- 
ing Defense Training Bureau of the U.S. Office of Education, 
Federal Security Agency (renamed the Engineering, Science, Man- 
agement Defense Training Bureau during the subsequent year). 
This Bureau under the leadership of Dean R. A. Seaton, gave its 
enthusiastic support and sponsorship to this program. Its fore- 
sight in anticipating the country's needs made possible the es- 
tablishment and operation of this training program even prior to 
the eventful date of December 7 when the program of defense be- 
came a program of war. 

A close coordination of the various institutions invited 
by the E.S.M.D.T. to participate in this program was necessary 
to insure the maintenance of certain minimum standards of in- 
struction and of course content. This thought found expression 
in the brief course for instructors of electrodynamics that was 
held at the Massachusetts Institute of Technology at the request 
of E.S.M.D.T. A further reason for having instructors for these 
courses meet in conference was the newness and unavailability of 
much: of the material on which the instruction was to be based. 
It was important that time be not wasted by the inclusion of in- 
appropriate material and that the newer material, available only 
in scattered articles in periodicals, be made available ina 
format admitting of efficient instruction in both class and lab- 
oratory. 

The instructors' conference was held at the Massachusetts 
Institute of Technology from October 27 through November 13, 
1941, during which time numerous specialists gave talks on se- 
lected pertinent topics. Opportunities to visit laboratories 
were provided and demonstrations of equipment and technique in 
the newer fields were presented. The objectives of this con- 
ference were fourfold: the codrdination of training, the accom- 
plishment of a uniformity of instruction up to a certain minimum 
level, the dissemination of special technical information not 
available in textbooks, and the formulation of a syllabus of the 
course to be given in the forty institutions represented by del- 
egates to the conference. This syllabus represents perhaps the 
most important result of the conference. Committees including 
all of the forty delegates assumed the responsibility of compil- 
ing the detailed technical syllabus for the course which was 
called Ultra-High-Frequency Techniques. The syllabus was care- 
fully considered by the group as a whole and had their unaniimous 
approval. 

This conference provided the initial step toward the ac- 
complishment of this training program. Notes from the talks of 
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the various speakers were made available to aid instructors in 
their work and a further step was taken by consolidating at the 
Massachusetts Institute of Technology the purchases of apparatus 
for all approved institutions. It became evident to all dele- 
gates that a still further step would materially aid in the ef- 
fective conduct of the program, namely; the preparation of a 
suitable text in which the pertinent topics were available in 
one volume and in a form adaptable to the needs of the institu- 
tions giving the course. Thus arose the conception of a book to 
be made available at the earliest possible moment. To accom- 
plish this it was necessary to have the collaboration of a group 
of qualified instructors with actual experience in the course to 
prepare the written material and to find a publisher who would 
be willing to eliminate the traditional time consuming elements 
in book production. The first of these two requirements was 

met by associating together the four authors of this book, all 
of whom are pre-eminent in the field of electrical engineering 
and who are original workers and authorities in the particular 
phases of the subject which they undertook: Professor J. G. 
Brainerd of the University of Pennsylvania, Professor Glenn 
Koehler of the University of Wisconsin, Professor Herbert J. 
Reich of the University of Illinois, and Professor L. F. Wood- 
ruff of Massachusetts Institute of Technology. Professor 
Brainerd who has had wide experience in the preparation of text 
material assumed the additional responsibility of editing the 
material. This group has worked most intensively to complete 
the book‘in record time and their ready assumption of this ex- 
tra work and effort should be viewed, in my opinion, as a per- 
sonal and important contribution to the war effort. 

The second requirement was satisfied by the D. Van 
Nostrand Company which provided freely of its secretarial and 
editorial staff, and by printing the book in offset rather than 
by the more laborious letterpress process, enabled it to be pro- 
duced in record time. Thus the book is made available months 
earlier than would otherwise be possible. 

It is hardly to be expected that such an intensive pro- 
gram would turn out a highly polished product and indulgence is 
asked from teachers and students alike who use the book. It is, 
however, our belief that the delay that would have been occa- 
sioned had the authors sought perfection would be inconsistent 
with the general objectives of the text and would not be justi- 
fied under war conditions. In future editions such polish and 
modifications as are indicated by the experience of its use can 
be incorporated. The book, therefore, is presented without 
apologies in the sincere hope that it will be an appreciable 
factor in the training program, which has as its sole objective 
the defeat of the Axis. 


July, 1942 
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INTRODUCTION 


The reader will find on the whole that as he reads 
through this text he deals with elements rather than systems. 
The chapter titles for the most part emphasize this fact, and 
except in the chapters on transmitters and receivers, systems 
in which the elements are to be used do not appear. Thus it be- 
comes necessary to keep in mind the very great number of possi- 
ble uses of the various topics as they arise. 

In general, a system may be said to transform an origi- 
nal signal or stimulus into a useful result at a specified point 
or points. The stimulus may be of acoustic, electric, thermal, 
light, mechanical, or other origin. It in some way enters the 
system, is changed to an electrical representative which is mod- 
ulated, amplified, limited, cut, transmitted, detected, and 
otherwise purposely changed, and ultimately emerges in useful 
form. | 

The pickup devices--microphones, photoelectric cells, 
thermocouples, and all the numerous other means for changing a 
stimulus of non-electric kind into an electric signal--are not 
treated here. Neither are the non-electrical devices such as 
loudspeakers, curve-tracers, etc., which are the ultimate re- 
ceivers yielding the useful result. However, many electrical 
circuits and devices of importance as pickups or reproducers in 
modern radio applications are included. 

It is highly desirable to become accustomed to thinking 
in terms of block diagrams. A block diagram of a system is one 
in which each essential major element is indicated by a large 
rectangle, and labeled appropriately. Several Klock diagrams 
are shown in Ch. 9, and others can be constructed to suit the 
problem at hand. For example, a long-distance telephone conver- 
sation in which carrier telephony is used would show blocks of 
the pickup (caller's telephone), local central office, long- 
distance office, local oscillator, modulator, transmission line 
with repeaters (amplifiers), long-distance office at the receiv- 
ing point, filters, detector, amplifier, local office at the 
receiving point, and ultimate receiver (telephone of the person 
called). If one also considers television, picture transmis- 
sion, telegraph, radio broadcasting, marine and aeronautical 
beacons, blind-landing systems, and so on, it is seen that block 
diagrams may grow almost ad lib. But, frequently, block diagrams 
may not cover such broad topics. A simple instrument--for exam- 
ple, a recording strain gauge of electrical design--may be out- 
lined in a block diagram and thus patterned to a plan of units, 
many of which may possibly be constructed independently of the 
others. 
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It may be asked, "Why are high frequencies used?" There 
are numerous reasons, some of the more important of which are 
the need of high-frequency currents for radiation, the necessity 
of spreading over a large frequency spectrum to provide many 
channels, and the size of equipment in relation to wavelength. 

With this brief introduction the reader will be left to 
@& perusal of the discussions of the many elements or components 
which can possibly be combined to obtain a desired result ina 
given case. | 

It its desirable, however, to mention several usages 
usually frowned upon which have been accepted here. One is the 
use of ke and Mc or kilocycles and megacycles when kc/s and 
Mc/s or kilocycles per second and megacycles per second are 
meant. Until some simpler name than cycles per second is adopt- 
ed in the English-speaking countries, it is inevitabie that 
kilocycles or kc, and megacycles or Mc, will be used in oral 
transmission. The popular custom has been followed here. An- 
other designation, not often approved but found in this book, 
is that of using the words frequencies, high frequencies, and 
ultra-high frequencies instead of the words current or voltage 
components of high frequency. For example, the statement "the 
high frequencies pass through an impedance” is employed many 
times to mean "the high-frequency components of the current pass 
through an impedance." Likewise, the term wave has at times 
been used intentionally in a generic sense, meaning either volt- 
age or current or both. 
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Chapter | 


LINEAR CIRCUIT ANALYSIS 


Ultra-high-frequency circuits and devices require in 
their design, operation, and maintenance techniques which dif- 
fer in many respects from those which serve at the lower fre- 
Quencies. Yet the same basic principles apply at the ultra- 
high frequencies, and in addition, devices which depend in part 
on currents of ultra-high frequency may have in them elements 
or sections which operate at much lower frequencies, or even 
Wrcavairect current. Thus efficient work in the u-h-f field 
depends not on a knowledge of the ultra-high frequency region 
alone, but on the theory and techniques in virtually all the 
frequency ranges up to the u-h-f as well. 

It is expected that the student will have some acquaint- 
ance with the methods of linear circuit analysis and with therm- 
ionic devices and their applications. Accordingly, only a very 
compact presentation of underlying principles will be given here, 
arranged as much for purposes of easy reference as for study ma- 
terial. 


l-!l, Alternating Currents.- Alternating currents and 
voltages in circuits having fixed parameters of resistance, in- 
ductance, and capacitance will be the subject of our initial 
investigation. The ideal alternating wave has a sinusoidal 
variation with time; for example 


e = E sin (wt + g) instantaneous volts faa.) 


as expressed in terms of a peak or maximum voltage E, an angular 
velocity w equal to 2n times frequency, and a phase angle @. An 
alternating or cyclical wave may have some other shape than a 
pure sinusoid, but so long as it is periodic it may be resolved 
into its sinusoidal or harmonic components, each of which will 
have the form of eq. (1-1), but with its individual values of E, 
Wand. If we are dealing with linear circuits, each sinusoi- 
dal component applied to the circuit will produce its response 
independent of any others, and therefore a linear circuit theory 
based on sinusoidal wave forms will serve also when the wave 
form is not sinusoidal. 


1-2. Complex Quantities and Exponentials.- The various 
operations which must be performed on expressions such as eq. 
fet) Af applied directly, lead to rather cumbersome expres- 
sions, and so it is common usage to represent the entire 
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equation by a rotating vector E as shown in Fig. l-l. The vec- 
tor E at the left, with length equal to the maximum value of the 
sine wave, is shown in a position such that its projection on 


E(cos ¢+-/ sin ¢) 


Fic. 1-1. Sinusoidal voltage wave and representation by a vector and by a complex 
number. 


the vertical axis is equal to the instantaneous value of the 
sine wave when t = 0. If the vector rotates counterclockwise 
with angular velocity w, the projection on the vertical at any 
time t is equal to E sin (wt + @) and so to the ordinate of the 
sine wave. In this sense, the rotating vector represents the 
entire sine wave, and two or more sine waves of the same fre- 
quency may be combined by addition or subtraction of their rep- 
resentative vectors. 

Since rotating vectors are commonly drawn with their 
starting points at the origin, the terminal point only needs to 
be specified in order to specify the vector and the original 
sine wave. The terminal point is conveniently specified in 
terms of a single complex number a + jb, where j = VY-l, with 
the real portion a understood to specify the coordinate of the 
point along the real axis, usually the horizontal; and the size 
b of the imaginary portion specifying the other coordinate. The 
addition and subtraction of complex numbers follow the same laws 
as those for combining vectors in a plane. 

Instead of considering in turn the rotating vector as 
the analog of the sine wave, and the complex number as the 
analog of the vector, the same result is obtained from the 
identity.* 


eit iD) cos (wt + 9) + j sin (wt + g) (1-2) 


1. The e in (1-2,3,4 etc.) is the base of the natural logarithms. This is 
standard notation, but leads to a conflict with the use of e for voltage. 


| 
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so that the original sine function is the size of the imaginary 
portion of the exponential. If the original wave had been a 
cosine function, it would have been the real part of the ex- 
ponential. The advantage of the exponential form over the sine 
or cosine form manifests itself when derivatives or integrals 
are involved in the circuit; and is due to the fact that taking 
derivatives and integrals of exponentials does not alter the 
form of the original function. Actually, the sine and cosine 
functions may be expressed in exact exponential form by the 
identities 


PG meee oe 1G 

sin wt = aoe haat ; (1-3) 
jwt -jwt 

cos Wt = Se ed se OL! e ‘Pe 


2 3 
but the writing of a great many characters is saved by writing 


only one of the exponentials, or none at all. Thus we have a 
variety of possible expressions for a wave, such as 


e = E cos (wt + g) 
= E sin (wt + » + 1/2) 


= E (cos » cos wt + sin » sin wt) (1-5) 
ed(wtt+o) 4 ,-J(wt+ 4g) 
2 


Real part of E ed(wtt 9) | 


The five foregoing expressions state the value of the instan- 
taneous voltage e as explicit functions of time. The words 
"Real part of" in the last expression of (1-5) are sometimes ab- 
breviated to "Re," but more often omitted altogether, although 
understood, leaving only E eJ(Mtt+ 9) , 

The expression for the rotating coplanar vector E is 
variously written as 


E 


Hl 


E e/?, 
E (cos » + j sin gq) 
E /g 


Throughout this text a complex number or vector will be repre- 
sented by an underscored symbol; the same symbol without the 
underscoring will represent the size only of the quantity. The 


Footnote continued 
The context will usually enable the two uses to be easily distinguished; 
for example in the last of the group of equations denoted (1-5) the two 
e's appear but the meaning of each is evident. 
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vector. E is the complex equivalent of the instantaneous e in the 
manner already explained, and illustrated in Fig. 1-1, but there 
is not a true mathematical equality between e and E. 


1-3. Impedances and Admittances.- There are just three 
basic forms of circuit parameters which tend to limit current 
flow. These are resistance (R), inductance (L), and capacitance 
(Cc). If a current i is flowing through a series connection of 
Rk, L, and C, the voltage drop e is equal to 


SARL eh a tS = Si dt ., volts (1-6) 
R being expressed in ohms, L in henrys and C in farads. If 
i = IeJ4t, then by substitution 


sear eae nae Tet (1-7) 


and the quantity in parenthesis is called the impedance of the 
connection, and designated by the symbol Z = R + jxX, X being 
called the reactance and equal to wL - =. It will be noted 
that Z is in general a complex number, and the ratio of the 
size of E to the size of I is the size of 2. Complex numbers, 
like vectors, are indicated by underscored ~ gymbols; the size of 
the number by the same symbol without underscoring. The angle 
of Z is the angle between the voltage vector E and the current 
vector I. 

Inverting the expression 


E : 
Cis R + jX complex ohms (8 7 


Y=>=+= 6+ jB complex mhos, (1-9) 


where G is the conductance and B the susceptance. In terms of 
the series resistance R and reactance X of the same branch, 


R 
Ceaser mhos; (1-10) 
=X. 
B= 52 mhos. (1-11) 
A series connection of several impedances 21, Zoa,...-, 
Zy, offers a total impedance of Zi + Zo +... + Zy complex ohms; 
and a parallel connection of several admittances Yi, Yo, .-- Yn 
offers a total admittance of Yi + Yo + ... + Yy complex mhos. 


For several impedances Zi, Ze, ... Z, in parallel, the equivalent 
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impedance Z is 


ui 
Z = si ceb On wn complex ohms. (1303) 
Diese ae tues cee 
For only two branches, eq. (1-12) becomes 
ZiZe 
Lip ew ME inte (1-13) 


1-4, Kirchhoff's Laws (Loop and Node Equations).- When 
we have to deal with a network of impedances, the current and 


voltage relations must be solved by the use of the two Kirch- 
hoff laws of zero voltage around any loop, and zero net current 
to any junction or node, combined with the impedance relation 
of voltage to current in each branch. The forms of the basic 
equations on which network solutions must depend are 


ZI = O at any junction (node); (1-14) 
LE 


O around any loop. (1-15) 


The E's must include not only the Z I drops but also any gener- 
ated or other voltage of the same frequency. 

The I's may be the actual currents in each branch, or 
optionally the equations may be written in terms of hypotheti- 
cal "loop" currents which after solution are combined by vector 
addition or subtraction in such branches as are common to two 
or more loops. 


1-5. Duality of Series and Parallel Circuits.- The mutu- 
al relations between complex voltage and current, in the three 
basic types of circuit parameter, may be written in a form to 
bring out the reciprocal nature of the relations which exist. 


Ea heel. | 

E = jwLI SE = 0 around a loop (1-16) 
E = I/jwe 

i=GE i 

I= jwCE ZI = 0 at a junction (1 =17) 
I = E/joL 


The second group of equations (1-17) is obtained from the first 
group (1-16) by substituting I for E, E for I, G for R, C for L 
and L for C. In all cases it is possible, starting with a cir- 
cuit to which a group of equations such as C116) is appropri- 
ate, to determine a dual of that circuit to which the appropri- 
ate equations will be those obtained by the substitutions just 
enumerated. It is to be observed that the dual of a series 
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branch containing resistance and inductance is a parallel con- 
nection of conductance and capacitance. The dual of a series R, 
L, C branch is a parallel combination of G, C, and L, actually 
three individual branches. Note that the circuit shown in Fig. 
1-9 is not the dual of a simple series R, L, C circuit. In 
other words, the circuit usually called a parallel resonant cir- 
cuit is not the dual of a series resonant circuit except in the 
special case in which resistances can be neglected. The dual of 
a loop consisting of several series branches is a junction hav- 
ing radiating from it the duals of these branches. The dual of 
voltage is current; and of a constant-voltage source, a con- 
stant-current source. 

In so far as calculations are concerned, nothing is 
gained by the analysis of the dual of a circuit instead of the 
original, since the equations are identical, but there may be 
already available a solution of a circuit which is the dual of 
one to be analyzed. In such a case, need for a second analysis 
is eliminated. For certain purposes of measurement or control, 
when a specified function must be realized as a relation between 
voltage and current, there may be an option whether to use a 
specific circuit or its dual. Choice can then be based entirely 
on considerations of cost and convenience. 


1-6, Principle of Superposition.- In a linear system, 
each applied force produces a response independent of the re- 
sponse due to any other applied force, and the total response 
is the sum of the responses due to all the applied forces. 

If a linear® network has a response characteristic such 
that a voltage E, applied in series with any branch a causes a 
flow of current I,, in branch c, and if also a voltage Ep ap- 
plied in series with a branch b causes a flow of current I,p in 
branch c, then when both Eg, and Ey are applied simultaneously 
they cause a total current Ic¢g + Icp in branch c. 

A useful application of this relation is in the calcula- 
tion of the current which will flow in a new branch of im- 
pedance Zap to be connected between two points a and b of a net- 
work having any number of voltage sources. If a hypothetical 
generator, of voltage equal and opposite to that existing at the 
connection point, is assumed to be in series with the new branch 
ab, then no current would flow. This zero current may be re- 
garded as the sum of the current which would have flowed in the 
absence of the hypothetical generator, and the current produced 
by the hypothetical generator in the new branch and the original 


2. Most circuits containing only lumped parameters, transmission lines, some 
tube circuits, etc. are linear; circuits containing iron-core reactors, 
many tube circuits, etc. are non-linear. 
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network in the absence of any other generated voltages. The 
current in the new branch may be found then as the negative of 
that caused by the single hypothetical generator and is the 
quotient of the voltage of the system between the points of con- 
nection a and b before the connection was made, divided by the 
sum of the new branch impedance Zap plus the impedance looking 
into the original network from the point of connection. This 
application of the superposition principle is sometimes called 
Thevenin's theorem. 

A similar artifice may be used in connection with the 
calculation of current which will flow in an existing branch A 
when there is inserted in series with that branch a new im- 
pedance Z. It may be shown that the current in the branch after 
the insertion of the impedance Z is equal to Io/(1 + Z Yaa), 
where Io is the current before the insertion, and Yaa the ad- 
mittance looking into the network from A, before the addition 
of Z. This is sometimes called Norton's theorem. 

The superposition principle is often useful in determin- 
ing the response as a function of time, due to any arbitrary 
force function of time. In order to apply it for such a pur- 
pose, it is necessary to know the response to some simple basic 
force function, such as the unit step function. This is a func- 
tion which has a value of zero before and unity after the time 
t= 0. This use involves transient phenomena, and will be dis- 
cussed later in the chapter. 


1-7, Reciprocity Theoreme The reciprocity theorem, due 
to Rayleigh, states that in any linear network there will be 
the same response I in a branch B due to a force E applied in 
any branch A, as will exist when the positions are reversed, 
that is, when the force E is applied in branch B and the re- 
sponse measured in branch A. 


1-8. Equivalent Constant-Voltage and Constant-Current 
Generators.- A generator or linear amplifier which develops a 
fixed internal voltage E and has an internal impedance Z is 
equivalent in its external characteristics to a constant-current 
generator developing a fixed current E/Z, and shunted by the 
same impedance Z. See Fig. 1-2. 

The constant-current equivalent circuit is often much 
simpler to analyze, because with it all the various loads on 
the generator may often be reduced to a number of simple paral- 
lel branches; otherwise series-parallel circuits would have to 
be handled. 
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Fig. 1-2. Equivalent generator circuits. 


(a) Constant E with series Z; 
(8) Constant I with shunt Z. 


1-9, Maximum Power Transfer.- In most communication cir- 
cuits operating at low and medium power levels it is usually 
more important to obtain maximum power output from a generator 
or source of any kind, than to operate with a very high effi- 
clency or ratio of output to input powers. By Thevenin's 
Theorem a source is nearly always representable by a simple cir- 
cuit such as that of Fig. 1-2a, with fixed internal impedance 
and fixed voltage developed. 

Suppose first that the internal impedance is representa- 
ble as a simple ohmic resistance R; for example, the plate re- 
sistance of a vacuum-tube amplifier. If the output supplies a 
load of resistance Rz, then obviously the power P transferred 
to the load will be Ry, 1°, or, in /termsof By. Rana hr. 


ae (=) Ru. (1-18) 


To find the condition for maximum transfer of power P we dif- 


ferentiate P with respect to Ry and equate the derivative to 
zero, whence we find: 


R, = R; (1-19) 
Prax. = atts. (1-20) 


If the internal impedance Z is complex, equal to R + jx, 
then obviously the load should have a reactance component of -X, 
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if a maximum power transfer is to be attained, and 


BINH IRE IAS (1-21) 
E- 
Pmax = jp watts. (1-22) 


If there is a constraint on the load impedance Zy, so 
that it must be of some arbitrary specified power-factor angle 
9, in general different from that of Z whose angle will be 
called g, then the power transferred is 


E°Z1, cos 8 


(Z cos 9+ Zz cos 6)“ + (Z sin » + Zz sin 6) watts, (1-23) 


P = 


which has a maximum for 
Vie Py Ae (2-21) 
and 2 


KR cos.6 


Puax =z [1 + cos (p - 6)) Wott: sere 


Equation (1-25) is a more general form from which (1-20) may be 
checked by setting 9 = O and » = O; and (1-22) also may be 
checked by setting 9 = -8. 


1-10. Frequency Characteristics of Simple Networks.- 
Non-dissipative networks are made up of elements of inductance 
and capacitance, the reactances of which are respectively WL and 
e/a0.. It may be observed that the derivative of each of these 
reactances with respect to w is positive. This holds in general 
for any linear network, and for any reactance associated with 
the network, whether it be a self or a transfer® reactance. 
Hence a plot of reactance as ordinates against w as abscissas 
will always produce curves which have a positive or upward slope 
throughout the entire range 0 <w <@. The magnitude of the de- 
rivative of each of the basic reactance terms wL and -1/wC, 
taken with respect tow, is equal to X/w, and this value of de- 
rivative is the minimum to be found in any linear network. 

Since the slope of the reactance X, which may be written 


3. Transfer impedance is the factor relating the current at one point ina 
network to a voltage at some other place in the network; self-impedance 
relates the current through to the voltage across a particular branch. 
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Fic. 1-3, Frequency characteristics of basic circuits 
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X(w) to show that X depends on W, is always positive, it follows 
that zeros of the function will be separated by infinite values, 
where the X(w) goes on up to infinity and begins again at minus 

infinity. ; 
Frequency characteristics of some simple non-dissipative 
networks are shown in Fig. 1-3. 

The forms of the graphs of the reactance functions of 
simple combinations of the basic circuits may be deduced readily 
by combining the graphs of the first four elements shown in Fig. 
1-3. For example, in the circuit of Fig. 1-4 there are two 


Ly C1 
Ca 
1 
wT OCK ( wag £) 
X(w)= 
1 
ol wy wg 


1 w2 wo? 
ee Gee ee 
Fic.1-4. Frequency characteristic of a simple non-dissipative network. 


parallel branches having characteristics shown in the previous 
figure, and repeated here as dotted curves. When the reactances 
of the two branches are equal in size and of opposite sign, the 
combined reactance will be infinite, as shown on the graph at Wo. 
When the reactance of the upper branch is zero, at Wi, the com- 
bined reactance is zero. For w < wi, each branch is capacitive 
(reactance negative); hence the combination resembles at any one 
frequency two capacitors in parallel; for W >We the combination 
resembles at any one frequency an inductor and a capacitor in 
parallel. 

Again in the series-parallel circuit of Fig. 1-5, the 
graphs of the X(w) functions of the parallel connection and of 
the series connection are shown separately by dotted lines. The 
full lines, whose ordinates are the simple sums of the corre- 
sponding ordinates of the dotted lines, comprise the graph of 
the reactance of the entire circuit. 
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Fic. 1-5. Frequency characteristic of a nondissipative two-terminal network. 


It is possible to graph in one plane the impedance or 
reactance characteristics of any network which has no resistance 
elements, but since this ideal non-dissipative condition is 
physically unrealizable, it must be recognized that actual im- 
pedance functions Z(w) are complex functions, and in fact never 
have a zero or an infinity provided there is some resistance 
(and there always is) in each branch. When the resistances are 
small, they have usually no material effect on the impedance 
except near the points where X(w) is zero or infinity in the 
corresponding non-dissipative circuit. The function Z(w) has a 
size Z(w) which is approximately given by inverting all the neg- 
ative sections of the X(w) functions for the dissipationless 
circuit, and altering the zeros and infinities by rounding off 
the sharp junctions, if any exist, by small cusps, thus elimi- 
nating zeros and infinities. 

The reactance function X(w) in passing through the zero 
axis, and changing sign, could be described also as undergoing 
a phase shift of nm radians or 180 degrees. The same change oc- 
curs at the infinities; that is, another change of 180 degrees. 
In the general impedance function, a plot of the angle of Z as 
ordinate against Ww as abscissa will exhibit a very steep slope 
where the size Z of Z is passing through either a minimum or a 
maximum. 


l-l1. Series Resonant Circuits.- Although the resistance 
is often only an extremely small fraction of the reactances in a 
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circuit, it may be of great importance because the normal oper- 
ating value of w is likely to be such that the reactances may 
cancel in some of their effects, and the resistance may very 
largely control the character of the response. 

Consider for example the basically important series 
resonant circuit illustrated in Fig. 1-6. The impedance func- 


tes L C 
Fig. 1-6. Simple series circuit. 


tion Z(w) has the simple expression 


Z(w) = R + j(wL - a complex ohms (1-26) 


and the size Z(w) of the impedance is 


Z(w) =\VR* + (wL - =~)? ohms. (27) 
Consider that L and C are held constant. Z will be a minimum 
when wL = 1/0C, or w = 1/ VLC, which will be called w,. This 
is true for any value of R. When Ww; has this critical value, 
it is R and R alone which determines and in fact comprises the 
impedance of the entire circuit. In graphing the function, it 
will be more convenient to show the reciprocal Y(w) of the im- 
pedance. This is shown in Fig. 1-7, for a number of values of 
resistance. At low frequencies, the capacitive reactance is the 
controlling factor, while at high frequencies the inductive re- 
actance controls. At the critical frequency the admittance is 
equal to 1/R, and has a maximum value. 

The variation of the phase angle of Y(w) with w is shown 
in Fig. 1-8. When the resistance is zero, the admittance func- 
tion undergoes a sudden jump of 180 degrees, from +90 to -90, as 
wW is increased and passes through the resonance value 
Wiz = cA VLC. 

Applications of the series resonant circuit are obvious 
and well known. A very low voltage of angular velocity w,, when 
applied to the terminals of the resonant circuit, will produce a 
greatly amplified voltage as a drop across the inductive re- 
actance and the same across the capacitive reactance. The ratio 
of amplification will be wWiL/R, and hence is inversely propor- 
tional to R, other things being equal. One of these reactive 
drops may be used to energize the grid of an amplifier or other 
vacuum tube. 
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Fic. 1-7. Admittance functions 
of a simple series resonant 
circuit for various values of 
resistance. 


The steepness with which the resonance curve Y(w) falls 
from its peak value at w= W, is of important practical interest. 
Let us designate Q as the ratio wL/R. Very little error is in- 
troduced in analyzing the shape of the resonance peak if Q in 
that vicinity is considered as a constant and equal to W1L/R. 
With this approximation, it is easy to show that the width of 
the resonance curve between the "half-power" points is equal to 
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Fic.1-8. Phase characteristics of a 
simple series circuit for various 
resistances. 


the fraction 1/Q of the resonance angular frequency wi. In 
other words, when w =u,(1 - 1/2Q), 


o = RK; = jR (1-28) 
and when w =u,(1 + 1/2Q), 
Z=R+ jr. (1-29) 


In both cases the size of the admittance is 1/\V/2 of its peak 
value. For a fixed impressed voltage the current would of 
course have 1/\/2 of its resonance peak value, and the power 
represented would be just one-half its peak value. This ap- 
proximate rule is very close so long as Q is large, ana since 
it is usually at least 100, no appreciable error is involved. 


16 ULTRA-HIGH-FREQUENCY TECHNIQUES 


Two of the curves on each of the Figs. 1-7 and 1-8 have been 
plotted for very low values of Q, this selection having been 
made in order to get the entire curve on the sheet. The typi- 
cal resonance curve as actually used in tuned circuits would 
have from 25 to 100 or more times the peak values shown in the 
lower Y(w) curves, and the phase angle curves would lie much 
nearer the curve for R= 0. Smith* gives some "universal" 
resonance curves (both Y and phase angle). 

Ideal Admittance Characteristics. If a sine-wave volt- 
age e = E cos wt impressed on the input terminals of a linear 
constant-parameter network produces a current i at the output 
terminals, i will be a sine wave of amplitude I and phase angle 
9 determined by the transfer admittance of the network Y = Y/@ 


e = E cos wt 
i = EY cos (wt + 6) = I cos (wt + 0). 


If now the input voltage e contains numerous sine-wave compo- 
nents of different frequencies, there will be a component of i 
corresponding to each component of e. In order that the wave 
shape of i (total) be the same as that of e, the magnitude of 
each component of i must be the same multiple of the magnitude 

of the corresponding component of e as is any other (hence Y 

must be constant over the range of frequencies concerned) and the 
phase shifts must keep the relative phases of the components un- 
altered. This requires that 0 = -wta where ta is a constant, and 
consequently each component of i will be of the form 


EY cos w(t = ta) 


where E and Y are the magnitude of the component and the magni- 
tude of the transfer admittance of angular frequency w. Thus 
an ideal characteristic from the point of view of maintaining 
wave shape is Y = Yo/-wtqa where Yo and tg are constants. None 
of the characteristics shown so far are of this nature. Figure 
1-23 shows low-pass filter characteristics which are ideal from 
the steady-state viewpoint. The quantity tq is called the de- 
lay time, since EY cos w(t - ta) is "delayed" (lags) with re- 
spect to BE cos wt. 

Where wave shape is important, the considerations out- 
lined above are also important, although it is shown later that 
these steady-state conditions do not serve completely in non- 
steady-state cases. 


1-12. Parallel Resonant Circuits.- A parallel resonant 
circuit is shown in Fig. 1-9. An inductance element L must 


4, Smith, F. Langford, Radiotron Designer's Handbook, third ed., p. 129. 
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Rec < 
Fic. 1-9. Parallel resonant circuit, 


inevitably have some resistance associated with it, and this is 
shown as Ry. The parallel capacitive element C of course will 
have some resistance Rc also, but in general it may easily be 
reduced to an insignificant fraction of that of the other branch. 
If this is done there is no appreciable error involved in ignor- 
ing the condenser resistance altogether. The impedance Z of the 
two individual impedances Zy and Zo in parallel is 


ZiZ 


When Ry, is small, there are four distinct frequencies at 
or near resonance which are very close together and which have 
special significance. Sometimes they are confused with one an- 
other. The following definitions will distinguish among them. 

The natural angular frequency W, of oscillation of the 
loop circuit L, RL, C of Fig. 1-9 is given by the expression 

2 


1 R 

On ea ee (1-31) 
This indicates the frequency of the alternating component of the 
transient current which would flow in the circuit shown, gnd is 
associated also with an exponential decrement factor e-Rt/eL, 

An angular frequency Wi; may be defined so that the in- 
ductive reactance wiL and the capacitive reactance 1/wiC are 
made equal, whence 
if 


TORE anal ay lee 
‘ LC 


; (1-32) 

A third definition may represent an angular velocity Wy, 
at which the impedance of the parallel circuit, as expressed in 
(1-30), is a maximum. This expression is too complicated to be 
of much practical utility, and is very nearly equal to Ww, so 
long as wiL/R (i.e., Q) is large. 

A fourth definition, wo, represents an angular frequen- 
cy at which the phase angle between total current through, and 
voltage across, the parallel connection is zero. This is given 


by 
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een ee 
eae LEN Lo Rec * (1-33) 


Because of its simplicity, the expression for WwW; as giv- 
en in (1-32) will be used in the further analysis of the circuit. 

At angular velocity wi, when wL = 1/wC, the denominator 
of (1-30) reduces to Ry + Rc. Under this condition, also, 
ZL. = Zc approximately, and so the numerator is (orl very near- 
ly. It does not change rapidly with w, but the denominator does 
change rapidly with w if Q is large. The entire function is 
seen to be, then, the product of a quantity Z,2Zc¢ which is ap- 
proximately constant near the angular velocity Wi, multiplied 
by the admittance 1/(Zz, + Zc) of the series circuit around the 
loop, which is the exact function whose size is plotted in Fig. 
1-7. The impedance function Z(w) for the parallel resonant cir- 
cuit is seen therefore to have a shape near resonance which is 
the same as that of the admittance function Y(w) for the series 
resonant circuit. 

At resonance, the parallel circuit has an impedance 
which is approximately a pure resistance having a magnitude 
equal to 
LW ie 
ic feats ed 5 


where Q is wiL/Rzy and Xy is wiL, and Ry, >> Rc. 

The width of the resonance curve at the half-power 
points is again equal approximately to the fraction 1/Q of the 
resonance angular velocity (or frequency), so long as Q is rea- 
sonably high, just as in the series resonant circuit. 

It is seen from eq. (1-34) that a parallel resonant cir- 
cuit with high Q develops a very high equivalent resistance 
across its terminals, much higher (by a factor Q) than the total 
impedance of either branch. This feature is of value in match- 
ing the high impedance of some sources, to obtain maximum power 
transfer. 

The action of the series resonant circuit was seen to 
be similar to that of a voltage amplifier with an amplification 
factor of Q at resonance. The parallel resonant circuit, con- 
versely, acts as a current amplifier and produces a circulating 
current around its loop Q times as large as the line current. 

In dealing with resonators to be used in place of tuned 
circuits at very high frequencies (Ch. 10), it is not convenient 
to determine directly the R, L, and C of such devices. Instead, 
there are used the resonance angular frequency Wy = 1/ Vit; the 


Q at resonance 
- obi fe 
oe sR, ANG 


and the input impedance at resonance which, assuming all re- 
sistances to be small, is 


= QX, = Q°RL (1-34) 
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L 
Re = Ro ° 
It is seen that these three quantities can specify the circuit 
of Fig. 1-9 just as well as the usual R, L, C. 


l-13. The Transformer.- The basic transformer circuit is 
shown in Fig. 1-10. It consists of two coils each having self- 
inductance, and with a mutual inductance between them. The 


Ly Le 


aha | 
M 


Fiac.1-10. Basic (low-frequency) transformer circuit. 


circuit equations, based on positive directions of Liwand: Te 
both producing magnetic fields in the same direction in the 
core, are 


Ei = (Ri + jwLi)Ii + jwMIo; (1-35) 
Ee = (Re + jwLe)Ie + jwMIi. (1-36) 
Somewhat more generally we may write 
Ei = Ziti + jwMIe (1-37) 
O = Zelo + jwMIi (1-38) 


in which the output voltage Es is supposed connected to some im- 
pedance which in series with the transformer secondary impedance 
produces a total impedance Ze. We may eliminate Is between the 


two equations (1-37) and (1-38) and arrive at an input impedance 
Zi equal to 


complex ohms. (1-39) 


Eliminating Ii between them enables us to solve for Is, from 
which the transfer impedance Zie2 is readily obtained as 


Z, 
Zi2 = = = j(wM + cared complex ohms. (1-40) 
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By rationalizing and separating reals from imaginaries, the re- 
sistance and reactance components of the input and transfer im- 
pedances are obtained and in these terms we find: 


2x2 2a72 
zis = [ra + MBE] 4 sx. - SMe] comptex onme (1-H) 
rhe 2 2 


RiXeo + XiRo F w°M* + RiRoe - Take 
= — el ———————— Eee le 
Zie | aT |+ i| al complex ohms (1-42) 
It is seen from (1-41) that the input impedance on the primary 
| w°M*R =e w°M*Xo 
side is increased by a complex quantity — -2~ - j WE 
vd 


sometimes called the "transferred”"or transformed" impedance. 
(Transferred impedance should not be confused with "transfer 
"mpedance" mentioned in footnote 3 of this chapter.) 

The highest possible value for the mutual inductance M 
in a coupled circuit is VLlile, and this upper limit could be 
reached only theoretically if all the magnetic flux linking the 
primary winding also linked every turn of the secondary winding. 
The ratio M/ V/LiLe is called the coupling coefficient, with 
symbol k. In order for k to be nearly equal to unity, it is 
necessary to provide a transformer core of magnetic material, 
so as to reduce the amount of leakage flux, or flux which links 
one winding and not the other. The magnetic material may be 
thin steel laminations or wires, permalloy, or powdered iron. 
Core losses take place in these materials, however, and these 
are larger at high frequencies. The coefficient k seldom ex- 
ceeds 0.95 even in the best transformers. 


1-14, The Resistance-Capacitance Network.- Simple re- 
sistance-capacitance networks are in common use in communication 
circuits; for example, in the coupling between stages of an 
audio-frequency or video-frequency amplifier. While the actual 
connections may be very simple; the equivalent circuits which 
have to be considered for extremely low and high frequencies 
may be much more elaborate. For example, Fig. 1-1ll illustrates 
a simple resistance-capacitance coupling network? comprising 
only three actual circuit elements, namely a coupling resistance 
R,, a coupling condenser C,, and an output-tube grid-leak re- 
Sistance Rgo. The equivalent circuit, also shown in the same 
figure, includes six elements, the added ones being the plate 
resistance rpi of the input or left-hand tube, the plate (and 
lead) capacitance Cpi of the input tube to ground, and the grid 
(and lead) capacitance Cgo of the output tube. The direct-cur- 
rent supplies are not shown. Over an.intermediate range of fre- 
quencies, the coupling capacitance Cc has a negligible reactance, 


5. See Sec. 3-6 and Fig. 3-10; also Sec. 3-19, part A. 


LINEAR CIRCUIT ANALYSIS PAN 


Fic.1-11. Physical and equivalent circuit of a simple resistance-capacitance 
coupling network. The subscript c on R, and C, indicates that these are 
part of the coupling network; subscript i indicates input tube and subscript 
o refers to output tube. 


and the grid-leak resistance Rgo will draw a negligibly small 
current. The effect of the plate and grid capacitances is also 
negligible over this intermediate range. The value of Ego over 
this range is therefore given very closely by the expression 


Ego = HEgi volts. (1-43) 


Cc 

lpi + Re 

At very low frequencies, the plate and grid capacitances 
will be of negligible effect, but the current drawn by the grid 
resistance Rgo will be of importance in causing a voltage drop 
through the coupling capacitance O,, whose reactance is inverse- 
ly proportional to frequency. We may use the actual circuit as 
shown in Fig. 1-11, with the inclusion of the plate resistance 
Ypi, but this has the disadvantage of involving a series-paral- 
lel combination. It is advantageous to use the equivalent con- 
stant-current source described in Sec. 1-8, and to obtain there- 
by the low-frequency equivalent circuit of Fig. 1-l2. Since rpj4 
and Re are in parallel, they have an equivalent resistance which 
may be designated by a single symbol Rg, where 


Fia. 1-12. Low-frequency equivalent circuit of resistance-capacitance 
coupling network. 
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ee be pi its 
The output voltage Ego is merely the drop across Rgo, and a sim- 
ple analysis shows that 


R 
Ego ra Egigmika Ra 4 Rgo id jw’ (1-45) 


Ra is usually much smaller than Rgo, and in the denominator it 
may therefore be dropped out. The ratio of the sizes of Ego and 
Egi may be written, to this approximation, as 


See fone z : 1-46 | 
Epi Reo it Se ( 


The phase angle between Egoand Egi is tan” X¢/Rg. . There ise 
reduction in Eg)/Egito 71 per cent of its intermediate-frequency 
value when Xcgo = Rgo. 

At very high frequencies the coupling condenser C, has 
only a negligible effect, being equivalent to a short circuit, 
and so all the remaining elements are in parallel, if the con- 
stant-current source equivalent of Fig. 1-12 is used. The stray 
capacitances, plate and grid, have to be considered, and the 
equivalent circuit is that shown in Fig. 1-13. Here Re is the 


(= Cpr +Cgo) 


Fic. 1-18. High-frequency equivalent circuit of 
resistance-capacitance coupling network. 


equivalent resistance of rpi, Re and Rgo in parallel. The out- 
put voltage is merely the impedance drop across the parallel 
impedances Re and 1/jwCs, due to current Egigmi and is readily 
shown to have a size given by 

E R 

= Le 

Bei 7 Vi + uPC,2Re” (1-47) 
and a phase angle relative to Eg; of: - tan™* w0sRe. The size of 
Ego/Egi drops to 71 per cent of its value at intermediate fre- 
quencies when X, = Rex. 


The network has been analyzed by the use of three 
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different equivalent circuits, each appropriate to a restricted 
range of frequencies. The advantage of this procedure becomes 
apparent when the expression is considered which gives the com- 
plete response over the entire frequency range. It is 


E ZZ 
BO _ Rates See hg flat) 
Egi ZiZe + rpi(Zi + Ze) + (Ze + rpi )/jwCe 
where 
Ryo(l - jwCeoRgo) 
SF rt, eee R : 
go “gO 


Rell - jwepiR 


(1-49) 


Ze (1-50) 
A much more complicated equation would be required to state ex- 
plicitly the ratio of sizes of Ego and Egi, or the relative 
phase angle. 


1-15. Definition of Q.- The "Q" of a simple inductance 
coil is defined as the ratio of wL/R or X;/R of the coil. For 
a condenser, the Q is again defined as X/R, but here of course 
this is 1/wCR, R in both cases being considered exclusively as a 
series circuit parameter. 

At very high frequencies, and in some other cases also, 
a more general definition of Q@ is required. This is 


volt-amperes 


watts dissipated (1-51) 


Q= 
for the circuit element whose Q is to be evaluated. Q is seen 
to be a figure of merit. Typical values of Q for coils lie be- 
tween 100 and 300, and 50 to several thousand for condensers, 
depending on the insulation and the frequency primarily. The Q 
of a resonant circuit is equal to the product of the time con- 
stant of the envelope of the transient oscillation, multiplied 
- by the natural angular velocity. This definition applies as 
well to hollow resonators. 

The definition of Q in (1-51) may be seen from circuit 
considerations thus: assume a sine-wave current of rms value I 
(or peak value \/2 I), and frequency f = 1/T; then Q may be writ- 
ten 


which is (1-51). Another way of looking at Q, which is impor- 
tant at very high frequencies, is shown by 


le oy Apnea T _BLI* Ai See One DEy stored per half cycle 
SSE Cy Gln energy dissipated per half cycle 
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1-16, Tuned, Coupled Circuits.- Tuned coupled circuits 
are used widely in interstage coupling, and in band-pass filter 
coupling. The coupling may be accomplished by mutual inductance, 
or by the use of a common self-inductance or common capacitance. 
Either one or both of the coupled circuits may be tuned, or a 
chain of more than two coupled circuits may have tuning in each 
circuit. 

In the tuned coupled circuit® illustrated in Fig. 1-14, 
coupling is by the mutual inductance M, and there is a series 


F1@.1-14, Toned coupled circuits, 


tuning condenser on each side. Such an arrangement is sometimes 
used in the coupling of band-pass circuits. 

There have already been developed, in eqs. (1-40) and 
(1-42), expressions for the transfer impedance Zie of a mtually 
coupled circuit. An expression for the output voltage Esa over 
the entire frequency range, and for any degree of tuning on the 
two sides, is obtained from the relation Ee = E:/jwCeZi2. How- 
ever, it will be much more convenient to develop an approximate 
expression for Ea which will be good over a restricted range 
near the resonance frequency. 

The assumption is made that the primary and secondary 
are both tuned to the same frequency: that is, 


1i0i = Lele (1-52) 
Let the resonance angular velocity be defined as 
Wo = 1/VIia = 1/VLaCe. (1-53) 
This general coupled circuit may be simplified by con- 
sidering it as the equivalent of one in which Le = Li, and having 


6. See Sec. 3-18, paragraph beginning "Doubly-Tuned Transformer Coupling." 
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an ideal transformer in the secondary circuit to correct the 
voltage ratio. The ideal transformer would have a watioN/la/le. 
We may then without loss of generality analyze a circuit whose 
primary has parameters Ri, L, and C, mutual M, and secondary Ro, 
Land C.. 

In the range near resonance, which is of primary inter- 
est, WoL >>wWL - 1f0C, the total reactance in the primary or 
secondary. For a small change in angular velocity from Wo to Ww 
there is an approximately equal change in the inductive and ca- 
pacitive reactance, so that the total reactance on either side 
is 2L(w - wo). From eq. (1-42) we may write, for conditions 
near resonance, 


= ae (1-5}) 
Ei. j[RiRe + wM - 4A(w - Wo) LT] - 2(W - Wo)L(Ri + Re)’ 


The mutual reactance wM in the numerator may without much error 
be considered as equal to WoM, a constant, over the restricted 
range near resonance. In the denominator, however, it has to be 
considered as a variable. The response Es/Ei is inversely pro- 
portional to the size of the denominator of (1-54), since the 
numerator is essentially constant. 

As the value of M is varied, the other parameters re- 
maining fixed, the response curve Es/Ei1, plotted as a function 
of frequency, takes on different shapes. When M is large, near- 
ly equal to L, there are two distinct and well-separated peaks, 
with a depression in between. As M is reduced, the peaks con- 
verge, maintaining approximately the same height. The depth of 
the depression decreases, until finally when the mutual re- 
actance WoM reaches a value 


WoM - ELLE (1-55) 


both maxima and minimum are coincident at W = Wo. 

If Ri = Re = R then woM = R. For still lower values of 
mutual reactance, the gain drops materially, there being but a 
single peak to the curve. 

If the primary and secondary circuits have Q's respec- 
tively Qi and Qs, then the critical coefficient of coupling k 
as defined above is 


1 ib a 


fap bey ec thc Sea 1-56 
V2\}OF °° 5 aay 
or if Qi = Qo, 1 

k= =. (1-57) 


Since the Q of a coil may easily be two or three hundred, this 
indicates a very loose coupling. 
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The critical coupling gives a desirable characteristic 
because it combines nearly maximum response, a fairly wide flat 
top to the resonance curve, and absence of frequency distortion 
due to the presence of two separate peaks (see Fig. 3-47 of 
Ch. 3). With critical coupling, the voltage response is down 
to 71 per cent of its maximum when 


aleailihet aie (1-58) 
or 

ean hat de A eee aed 2 

ugh ee ee eca)e (1-59) 


he 

Other types of coupled circuit to which the same analy- 

sis and formulas apply include those with a common capacitance 
branch or a common self-inductance branch. 


l-17. Broad-Band or Compensating Coupling Networks.- 
From eq. (1-47), which states the gain or ratio of sizes of Ego 
to Eg, in a resistance-capacitance coupling network, it has been 
seen that there is a drop to the half-power point, or 0.707 of 
maximum voltage gain, when the frequency becomes so high that 
the reactance of the stray shunt capacitance Cg, is equal to the 
equivalent resistance Re. If we call the angular frequency at 
which this occurs Wo, 


iL 
Wo = 1-60 
and the high-frequency gain may be written 
Bao i) BoaRerwsy (1-61) 


Bat (Van ayanye 


Since the numerator gmiRe of (1-61) is essentially constant, the 
curve of gain will evidently be fairly flat until w begins to 
approach Wo in size, and the flat part may be extended by making 
Wo as large as possible. This requires that the capacitance OC, 
be made as small as practicable, and so special tubes need to 
be selected or designed with this object in mind. A large 
transconductance aids in improving the gain all along the curve, 
but not in extending the range over which the gain is fairly 
close to constant, except in so far as it affects Wo. 

By inspecting again the high-frequency equivalent cir- 
cuit of Fig. 1-13, it is readily realized that the cause of the 
droop in gain around Wo is the fact that the reactance of Cg, is 
becoming so small that it is draining away most of the hypothe- 
tical constant current Egi8mi,» leaving less to flow through R,, 
whose ohmic drop is the output voltage Ego: 

In order to improve conditions, we should like to in- 
crease the reactance of Cg at high frequencies, while not 
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materially lowering it at intermediate frequencies. Optionally, 
we may increase the impedance of the Re branch at high frequen- 
cies so that its smaller current will still produce a relative- 
ly large voltage drop. It is necessary to keep the circuit sim- 
ple, because for broad-band video amplifiers, to work up to 
about 4,000,000 cycles per second, the distributed capacitance 
effects are very important. The size of Cg, which needs to be 
kept to a minimum, would increase greatly if an elaborate net- 
work were used to approximate a constant impedance with varying 
frequency. It is therefore the practice in some video ampli- 
fiers to add a small inductance in series with the coupling re- 
sistance Re producing an equivalent circuit approximating that 
shown in Fig. 1-15. Based on this equivalent circuit having an 


Fic. 1-15. High-frequency equivalent of 
resistance-capacitance-coupling network, 
with inductance L for high-frequency 
response correction. 


impedance Z of its two branches in parallel, the gain.is evi- 
dently 


ao = 2miZ (1-62) 
gi 


where 


oy er ne Re jul) fue 
7 Re + jwL + 1/jwC, 
2 
R : (= ~ w212 - par) 


w iC C 
“0G fRo® + (ak - 1760.77” nag 


At low and intermediate frequencies this expression is equal ap- 
proximately to Re. The phase angle of Z is 


L 2,2 
se a (¢)) = 
a, L Re 
Re/WCg 
By making use of the abbreviations 


2 


(1-64) 


tan 


A 
Wo — RoCs I (1-65) 
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L 
K = GoRo?? (1-66) 


the ratio of Z to its intermediate-frequency value is expressed 


as 
eee 2 
W [uw 
Re Ego int 1 - (2K - 1l)W/Wo + KW /Wo 


and the phase angle is 
tant (Rei )a/sg aeakews/Mes): (1-68) 


To find the condition which will make the gain at Wo the same as 
at lower frequencies, we may equate (1-67) to unity while making 
w/wo also unity, and solve for K, which must be equal to ae yj 
This does not of course indicate a flat response characteristic 
out to W= Wo. Actually, the gain rises to a small peak for 
values of W somewhat less than Wo, and then declines continuous- 
ly as w is increased, passing through the reference value when 
W = Wo. 

The relative phase delay when W = Wo and K = 1/2, as 
compared to a reference value of delay which holds constant over 
the intermediate frequencies, is, from (1-68), 


tan™* (- 2) for W = Wo (1-69) 
ten be = - ano) for W = Wo/10 (1-70) 


and the time delays for the two angular velocities are -0.643/wo 
and -0.0502/0.lwo second, respectively. Thus it is seen that 
the difference in delay is 0.141/Wo second. 

Conversely, a value of K may be determined that will 
yield the same time delay at Wo as at intermediate frequencies 
by equating the product of (1-68) and 1/w for the two values of 
angular frequency W = Wo and W= 0.1lWo. This procedure indi- 
cates a value of K equal to 0.32. Since the shape of the phase 
characteristic is important in video amplifiers, this figure 
must be given some weight, and if Wo is the upper limit of the 
desired operating range, a compromise value of K approximately 
halfway between 0.5 and 0.32 should be used. 

Six variations of the high-frequency compensating cou- 
pling network are shown in Fig. 1-16. 


1-18, Impedance Matching Networks.- It has been shown 
in Sec. 1-9 that the conditions for maximum power transfer re- 
quire that the load impedance be made equal to the impedance of 
the source. This may not always be the most desirable condi- 
tion, because it usually involves operation at an efficiency of 
only 50 per cent. It is the criterion in most commmnication 
circuits, however, and even when it is not the sole criterion, 
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‘ c 
Fic. 1-16. Various high-frequency compensating 
coupling circuits(D. L. Jaffe, Electronics, April 1942), 
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it does have some weight in the decision as to what value the 
load impedance should have. 

It is very often necessary for a source to supply power 
to a load of radically different impedance. Some sort of match- 
ing network is then of advantage, which for exact matching 
should have an input impedance equal to the impedance of the 
source, and an output impedance (i.e., impedance looking into 
the matching network from its output terminals) equal to the 
load impedance. 

The simplest and most common circuit for impedance 
matching is the transformer. If the coefficient of coupling is 
nearly unity, the ratio of voltage transformation is approxi- 
mately the same as the ratio of turns, and the impedance ratio 
varies as the square of the number of turns. Thus, to supply a 
100-ohm load from a 900-ohm source, a 3-to-l transformer should 
be used. Considering it as an ideal transformer, that is, one 
wituout losses or leakage reactance, the impedance looking to- 
ward the load from the high-tension primary would be 900 ohms, 

a perfect match for the source. Also, the impedance looking to- 
ward the source from the low-tension secondary would be 100 ohms, 
@ perfect match for the load. 

The coupling transformer may be of the autotransformer 
type, with the two low-tension terminals taken from one end of 
the complete winding and from some tap point along the winding, 
with the high-tension terminals coming from the two ends (usual- 
ly) of the winding. 

Impedance matching over a restricted narrow frequency 
range may be accomplished by taking taps from the circuit ele- 
ments of a resonant circuit, and by means of connections made to 
pieces of transmission line having distributed parameters. This 
method of matching will be discussed in connection with the 
theory of transmission lines, in Ch. 11. Equivalent "lumpy" 
networks may also be used for the same purpose. 


1-19. Simple Filter Circuits.- Consider the uniform re- 
curring network illustrated in Fig. 1-17. 


Z1 


Fic.1-17. Ladder network. 


<a ee 


Ee 
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All the series impedance elements are the same, each equal to Zi 
complex ohms, and all the shunt elements, with the exception of 
those at each end, are equal each to Za. This arrangement is 
the equivalent of a number of n sections connected in series, 
each nm having leg impedances of 2Z2 on each side. It may be 
shown that this type of structure has very useful properties as 
a filter, in attenuating greatly certain frequencies and pass- 
ing others with relatively little attenuation. 

Suppose there are an infinite number of the nm sections, 
of which one is shown in Fig. 1-18, connected in series. Let 


Z1 


FiG. 1-18. Elementary 7- section of mid-shunt filter. 


the input impedance of the infinite ladder be Ks complex ohms. 
Then if the single elementary tm section is given a load of im- 
pedance Ke at one end, the impedance looking into the other end 
must be Ks also. We may write then 


EERE a coe 
2Ze + Ko anh Cat 
Ke = os ce complex ohms (1-71) 
Seed yO 
2Ze + Ke Paty a 
whence, solving for Ke in terms of Zi and Zo, 
ZiZ2 


Ko = complex ohms. (1-72). 
~~  VWZiZe + 25/4 


If Zi and Ze are so related that Ke is a constant, and not a 
function of frequency, then the filter is called a constant K 
filter. 


If the current is taken as I and the voltage Kel at the 
load end of the n section, the corresponding values of current 
and voltage at the other end are found to be these same values 
each multiplied by the same factor 


ot = 32 - Ke (1-73) 


This equation will serve as a definition of the symbol y, which 
is called the propagation constant per section. Also, we set 
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y=a+ jp (1-74) 


where a and £ are real quantities. Alpha (a) is the attenuation 
constant per section, and £ the phase constant per section. A 
current or voltage, in passing through any number n sections, 
will be attenuated by a factor e™@%, and will undergo a phase 
retardation in its direction of travel amounting to nf radians. 

We shall concern ourselves here with the attenuation 
constant a, which it must be remembered is a function of fre- 
quency. If we substitute back into (1-73) the value of Ke from 
(1-72) and simplify, we have 


Vl + NP + 1 
Lo Se ES complex numeric. 1- 
e Tania yz ew 1p (1-75) 


On the assumption that the ladder impedances Zi and Ze are made 
up of lossless elements, they will be pure imaginary numbers and 
their ratios real, and either positive or negative. If the twin 
radicals in (1-75) are zero or imaginary, then the numerator and 
denominator sizes are identical, although there will be a dif- 
ference in phase angle. This condition will be characteristic 
of the pass band or bands of the structure, and evidently holds 
when 

AZe2 


Za So~ ds. (1-76) 


In other words, 4Z2 2 Z, in size, and the two reactances must be 
of opposite sign (one inductive, the other capacitive) in the 
frequency range which is passed without attenuation. 

When the radical is real, the numerator is larger than 
the denominator, and the circuit has attenuation, but no phase 
shift with ideal lossless elements. 

Actually, of course, the circuit elements will have some 
loss, but the losses may be kept small enough usually so that 
their effects are relatively unimportant. 

Low-pass Filter. Suppose that the series impedances Zi 
consist only of inductances of L henrys each, and the shunt im- 
pedances 2Z> of capacitances C farads each, as shown in Fig. 
1-19. Here 


ay = jwL (1-77) 
Ze = 1/jwe A (1-78) 
4Ze/Zi. = -4/w™LC (1-79) 


The critical angular frequency W,, from (1-76), will be 


w, = 4S (1-80) 


VLC 


and for values of w less than this, there is no attenuation (in 
the absence of resistance or other losses) as shown in the curve 
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Q 
rx) 
Attenuation 


Sf, 
Fig. 1-19. Low-pass filter m- section, and attenuation characteristic. 


Frequency 


of attenuation plotted against frequency in Fig. 1-19. 

High-pass Filter. If the series Z, is a purely ca- 
pacitive element (Zi = 1/jwC) and each shunt Ze an inductive 
element (Za = jwL), then 


4Zo/Zi = -4w* LC (1-81) 


and the critical angular frequency W, at which this expression 
becomes equal to -l is 


W, = eal radians per second. (1-82) 


ev LC 


At frequencies greater than the critical frequency, the attenua- 
tion would be zero (with lossless elements making up the filter), 
while at lower frequencies there is attenuation. The attenua- 
tion curve of Fig. 1-19 would serve also for the high-pass fil- 
ter if the frequency scale is used as the reciprocal of the 
values of f/f3i indicated for the low-pass characteristic. 

Band-pass and band-elimination characteristics are ob- 
tained by proper design of the Zi and Zp elements. There is a 
wide literature on filter design to which the reader must be 
referred for more detailed analysis of these more complicated 
realizations, the m-derived, the lattice type, and other struc- 
tures. 

The analysis given here was based on the tm section, but 
the T or the L section would serve equally well. For the T- 
type, or mid-series terminated filter, the ladder network of 
Fig. 1-17 would have a series element of Zi/2 at each end, all 
other series elements being Zi and all shunt elements Zs. The 
characteristic impedance Ki of this infinite structure would be 


Ki = VZiZe + Zi/4, (1-83) 


2Ki + Zi 
y> —- eee -_ 
i ee ee (1-84) 


and 
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1-20. Change in Impedance Level in Network Design.- When 
a filter has to work out of a source of one value of impedance 
into a load of another level, it is possible to accomplish the 
impedance matching by using unsymmetrical filter terminations. 
Thus an L-section filter, in which each section has a series im- 
pedance Zi and a single-shunt impedance Ze at one end, exhibits 
a different characteristic impedance depending upon which end is 
used as the input. Looking into an infinite line of these L 
sections from a series Zi termination, that is, from the left in 
Fig. 1-21, we may write for the characteristic impedance 23 


Z 
ee ee eran complex ohms, (1-85) 
42 


whence 
Z 
Zs = = tvVZr 2 + ZT/4 complex ohms (1-86) 


The value indicated by the minus sign is not usually physically 
realizable in a passive network, so only the plus sign will be 
considered. 


2) 
Z3——> Ze <—Z, 


Fig. 1-21. Unsymmetrical filter section. 


Now looking into the infinite chain of sections from a 
shunt termination, such as from right to left in Fig. 1-21, we 
write for the characteristic impedance Z.4 

(Z4.+ Zi)Ze 
eh 24 + Zi t+ Loe 


Z 
Za = - ee fs VZiZe in Zi/4 complex ohms. (1-88) 


Here again the minus sign will be disregarded for the same rea- 
son given above. The ratio of the change in impedance level is 


Zs 
= +VZiZo + Zi/4 


ey soe ye Bs as te at, (1-89) 


Zi / 
Za eh Zi Zo + 2/4 


complex ohms, (1-87) 


whence 
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V1 + 4Z2/Z1 +1 
~ V1 + WZ27Z1 - 1 (2-90) 


re 
—— >-1 (1-91) 


there is a change in impedance level to the ratio indicated by 
eq. 1-90. A gradual change or taper in the section constants 
is sometimes used to correct a small mismatch. 


1-21, Non-sinusoidal Waves.- It has been pointed out 
that, in linear networks, periodic or cyclical voltages’ having 
some other shape than a pure sinusoid will have the same total 
effect in setting up currents or other responses as that ob- 
tained by combining the individual responses due to the in- 
dividual component pure sinusoids into which the non-sinusoidal 
voltage may be resolved. If the force impressed on the network 
is considered to be a current rather than a voltage, the same 
approach may of course be used. 

The solution of linear circuit problems with non-sinusoi- 
dal waves therefore consists of two steps: 

1. Resolve the wave into sinusoidal components. 

2. Calculate individually and combine (if desired) the 

responses to the sinusoidal components. 
More often than not, the combination of the responses does not 
need to be made, because a knowledge of the response at each 
frequency usually suffices. 


1.22. Fourier Series.- Let f(t) be any periodic voltage, 
or current, or other quantity varying cyclically with the time 
t with period T (see footnote 7). Then it is possible to expand 
f(t) as follows: 


UE) = tao + a, cos Wt + Ae cos 2Wt + ...+tan cos nwt +60, 
+ by ‘sdn wt + Do: sin 2OG Fs FD Sas Nate. (1-92) 


where w = 2n/T. The following are various other forms of the 
Fourier series, all equivalent to (1-92) and to each other: 


7. By a periodic voltage is meant one which mathematically satisfies 
f(t) = f(t + nT) where n is any integer and T is the (constant) period. 
In words, this says that the voltage at any time t is the same as at any 
time an integer number of periods before or after t, and this is true for 
every point on the cycle. Thus the voltage, or more generally f(t), must 
repeat itself identically every period. 
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f(t) = a6 + ine (an cos nwt + bp sin nut) 


= Saot ca Cn COs (nwt - @n) Cn = Van* + bn* 
6n = tan’ (bn/an) 
SPE Suter eee pce S(ani-ejb, forsn (1-93) 


Pies positive, conjugate for 
n negative 


The coefficients an and bh may be determined in the fol- 
lowing way. Multiply both sides of (1-92) by cos nwt, giving 


f(t) = Bao cos nwt + aicos wt cos nwt + as cos 2wt cos nut 
Toes s + an COST Lnwta: Perce bi sin wt cos nwt 
+ be sin 2wt cos nwt + ... + bn sin nut cos nwt +... (1-94) 
Integrating both sides with respect to t over the range from 
eS 


~ » vO = reduces every term on the right-hand side to zero ex- 


2 
cept an cos’ nwt 


AY) fe | 


an HE cos nwtdt = an > (1-95) 
ee i 
a peal 
2 He 
whence Qn =F #2 P(t)icos’ nWtdt neO,1,2,%3,.- (1-96) 
T 
and likewise Dy = yer, sity nubdt. wl, 2y5, 6.. ceo) 
 tege T + 
Note that dn = 5 fat® a vet at ene tea 0,1, oe 
} if (1-98) 


woe 
If the function to be represented is the output of a 
half-wave rectifier, consisting of only the positive halves of 
a sine wave in which the voltage (or current) is zero from 
Wt = -t to wt = O and Ey, sin wt for wt from O to n, the Fourier 
series may be shown to be: 


aes uf oy ae (COB eNnWwe 
e= Ba|> + > Sin Wt - me ae Cote 


Ee. [1 + 1.57 sin wt - 0.67 cos 2wt- 0.13 cos 4ut 
= 0.06'cos 6wt =9...]- (#209) 


There are no odd harmonics present, with the’ exception of the 
fundamental. ° 

The output of a full-wave rectifier consists of all the 
positive loops and, in addition, the negative loops reversed. 


8. The fact that the magnitudes of the harmonics fall rapidly with increas- 
ing order should be noted. In the design of filters for use with recti- 
fiers this is of some importance (see Ch. 2). 
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It might be written e =|Em sin wt], the "absolute value" of 
Em sin wt. The Fourier series of this is 


[2 4 S$ cos ca 
Sere ree eh he aa 
= = Bn fl - 0.67 cos 2wt = 0.13 cos 4wt = 0.06 cos’ 6wt 1) ieee 
Again there are no odd harmonics present, and in this case no 
fundamental. The various even harmonics are present in the 
same percentage of direct potential for both half- and full- 
wave circuits, but the fundamental ripple, absent in the full- 
wave circuit, is about 2.5 times as large in the half-wave 
rectifier as is the second harmonic. 

The Fourier series of a repeated pulse of unit height, 
rectangular shape, and duration ti, as seen in Fig. 1-22, is 


Fic. 1-22. Rectangular pulses, duration t,, repeated 
at intervals T (w =27/T.) 


easily shown, by (1-96) and (1-97), to be 


rly Seabee sin n6/2 .., nut, (101) 


4Ont | mined n 


where 5 = wti. The form of the Fourier series for the same 
function will be changed by a shift in position with respect to 
the origin. 


1-23. The Fourier Integral.- It is often desired to as- 
certain the effect on a linear system of an isolated pulse or 
some other non-recurrent driving force. Obviously such a non- 
recurrent force function is not expressible as a Fourier series, 
which from its nature is a periodic function, but it may be ex- 
pressed analytically by a Fourier integral. Sometimes it is suf- 
ficient to assume that the non-periodic driving force is re- 
peated after an interval, and thus to assume that it is peri- 
odic, hence resolvable by a Fourier series. But this process 
is difficult to apply in many of the cases in which it can be 
used, and often it is not applicable to the problem at hand. 


: 
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The Fourier integral may be considered the end result 
of the Fourier series when the period of the "periodic" function 
to be analyzed is made infinite. Thus a non-periodic function 
becomes considered the equivalent of a periodic function with 
infinite period, and for such a function the Fourier series, 
which is intended for finite periods, changes into the Fourier 
integral. 

Non-periodic driving forces are of considerable impor- 
tance in present-day ultra-high-frequency work, and the use of 
the Fourier integral or some equivalent has become a substantial 
tool for circuit analysis and in handling other types of prob- 
lems in the field. Many u-h-f systems must deal with abrupt, 
non-recurrent, stimuli, particularly television. 

Recalling eq. (1-93) that the Fourier series may be 
written 


o 


f(t)oaiee os ayetet (1-102) 


n=-c 
and that the dy coefficients are given by eq. (1-98) 


2 fin Je InWtat (1-98) 


it is possible to write one Bec opie Pe for f(t) by substituting 
Poe Oo, ‘in (1-102). Now since the Gdn coefficients do not depend 
on t (t is eliminated when the limits are substituted), it is 
permissible to replace t under the integral sign by any other 
symbol--say x. Then 


a Be 
dn =F ie fixes, pds (1-103) 
where f(x) is the same as f(t) except that t has been replaced 
by x. The use of x in the expression for dn avoids confusion 
when substituting for dn in (1-102), where the t in the ex- 


ponential remains in the od TN such a substitution gives 
-j oun etn, 


ones 3 * a, ait 
f(t) = ae nz -« A fixjer vi .axiye T 


ee 
If now the period T eo ty the quantity — T? heretofore 
written w, becomes infinitesimal and may be written dw. Fur- 


thermore, n times a may, since n becomes as large as we please, 
be written w and the sum for n now becomes an integral since 
unit change in n produces an infinitesimal change in onn/T, 
whieh is the only factor in which n appears. Hence for an in- 


finite period 


f(t) = +f | £2) ota] eIWt ay (1-104) 
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which may just as well be written 


£(t) aah F(w) edt qw (1-105) 
Mace F(w) = cel f(x)e-J4X ax, (1-106) 


The derivation of the Fourier integral (1-104) may re- 
quire on the part of the reader some concentrated attention and 
& possible review of the definition of a definite integral, and 
the result as expressed in (1-104) may seem of dubious value 
since f(t) is expressed in a rather complicated way in terms of 
itself [f(x)]. But eq. (1-105) shows the heart of the result. 
If f(t) had been periodic with finite period, then (1-93) states 
that f(t) might have been expanded into an infinite number of 
terms of different frequencies, each frequency separated by a 
finite amount from its nearest neighbor: 


(GE) me edae on (1-93) 
But f(t) is here taken to be non-periodic; that is, it has an 
infinite period, and (1-105) states that 


f(t) -[* F(w)ed%* ag (1-105) 
Comparing these two expressions, it is seen that the non-peri- 
odic f(t) has been expressed as the sum (integral) of an in- 
finite number of components, each of infinitesimal amplitude 
F(wW)dw, infinitely close together (in the integral w varies con- 
tinuously whereas in (1-93) nw changes by jumps since n is al- 
ways an integer). 
The amplitude of the Fourier series coefficient dn is 
given by (1-98): . 
2 
Hf 
dn = 1 fi f(x)e “JR WXgx (1-98) 
= 6. 
whereas the amplitude of each component of f(t) in (1-105) is 


F(w)dw = d Oe f(x) e7I%* ax (1-107) 


The correspondence is so close that it will not be expanded 
upon. 

The most important use of the Fourier integral for 
present purposes may be outlined thus: 

1. F(w) may be obtained from (1-106), and the amplitude 
F(w)dw of each component of the driving force f(t) in (1-105) 
is consequently known. The driving force f(t) is thus resolved 
and the amplitude of each component determined. 
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2. If each of the driving force components is multiplied 
by the transfer admittance Y¥(w) which connects the driving force 
with the effect it produces, the effect due to each component of 
the driving force can be found. 

3. If all the effects determined in (2) are added to- 
gether, the total response can be determined. 

In cryptic form, the rule is: (1) analyze the driving 
force, (2) multiply each component by Y(w), (3) synthesize to 
find the total response. 

In mathematical form: given a non-periodic driving 
force f(t) and a system whose transfer admittance is Y(w): 

1. Determine F(w) by (1-105). 

2. Multiply F(w)dw by Y(w). 

3. Determine the response by adding all the component 

responses thus: 


she F(w )¥(w)ed®* dw (1-108) 


As a simple application, consider the current output 
(response) due to a suddenly applied emf (driving force) applied 
to the input terminals of a low-pass filter which on a 


Fic.1-28. Admittance characteristics (magnitude Y and 
phase angle 0) of a low-pass filter which is ideal from 
a steady-state point of view. 
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steady-state basis has an ideal transfer admittance character- 
istic? (Fig. 1-23). The input emf is 


e= 0 for t) <0; ‘eis Br leonarant) foro. 7G (1-109) 


and is pictured in Fig. 1-24. Such a voltage might be applied 
by closing a switch connecting a battery to the input terminals. 


€=o for t<0 
e=F for t>0 


0 


Fig. 1-24, Driving force (input voltage ) which, when 
applied to the low-pass filter whose characteristics 
are given in Fig, 1-23, gives a response (output current) 
shown in Fig. 1-25. 


By consulting a table of integrals of the type?°® (1-106) 


E 


F(w) = Sane (1-170) 


From the (steady-state) ideal characteristic of the filter (Fig. 

1-23), it is seen that Y¥(w) can be expressed 
¥(w) = 0 for | w|>|a,| 
Y¥(w) = Yo A for | | < | wal 

and since 6=-wta, ¥(w) = Yofwtg = Yo e-Jtd 


Hence the output current is 


(T1717) 


i(t) =< ———— w (152735 


w e) 
Yok vf ew (t - ta) YoE i, QJ w(t -ta) 
Pee ——— qu + = ASL 


Wr 
_ YoR f sin w (t - ta) et 
et i eta Ww 
atts 
ean J, y 


9. See Sec. 1-11, subsection "Ideal Admittance Characteristics." 

10. Campbell, George A., and Foster, Ronald M., Fourier Integrals for Prac- 
tical Applications, Bell System Technical Publication B-584. This vol- 
ume contains an extensive table of the values of integrals of the form 
(1-105) and (1-106), and may be used in much the same way an ordinary 
table of integrals is used. 


a 


LINEAR CIRCUIT ANALYSIS 43 


where the limits of the integral in (1-112) have been made +w, 
since Y is zero outside this range; hence the integrand is zero 
outside tw. The integral (1-113) is one which cannot be in- 
tegrated, but which has been tabulated for various values of 
the upper junit... he output is shown in general form in Fig. 
1-25. 


w,(t- tq) 
ta 


t=0 t=ta 


Fig. 1-25. Response of low- pass filter with admittance characteristics 
given by Fig. 1-23 to suddenly applied driving force given by Fig.1-24. 


Some other results of the use of the Fourier Integral 
in determining responses of a low-pass filter (ideal from the 
steady-state viewpoint) are shown in Fig. 1-26 and in Fig. 1-27. 
These have been taken from Sullivan.** 

Although the above illustration has been devoted to a 
low-pass filter, this has been merely an example. Equation 
(1-108) is a powerful tool, so long as the transfer admittance 
characteristic is known. The low-pass filter case is cited by 
most writers because. of the ease with which it can be handled, 
but eq. (1-108) can be applied rather generally, and if the 
mathematical process of integration becomes too difficult, 
numerical integration can be used to produce the result. 


1-23, Response of Circuits to Non-sinusoidal Waves.- It 
is often desired to determine the characteristics of a circuit, 
for example an amplifier, over its entire working frequency 
range. As often done point by point, this is a rather tedious 
procedure, and if various circuit modifications are being tried, 
considerable time is consumed in determining the overall effect 


11. Tables of Sine, Cosine and Exponential Integrals (2 vols.) available 
from the National Bureau of Standards, Washington, D.C. 

12. Sullivan, W.L., Analysis of Systems with Known Transmission-Frequency 
Characteristics by Fourier Integrals, Electrical Engineering, Vol. 61, 
No. 5, May 1942. 
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Fic. 1-26. Response (current output) of low-pass filter 
having admittance characteristics given by Fig. 1-28, 
Driving force (input voltage) is the rectangular pulse 
shown dotted, 


of each modification. 

It has been seen that pulses contain all frequencies, 
and rectangular periodic waves contain many multiple frequen- 
cies and hence offer the possibility, when applied to a circuit 
to be tested, of indicating at once practically the entire fre- 
quency characteristic--at least to the extent to which the user 
is capable of interpreting the results. It is desirable to de- 
velop a judgment of the meaning of response to square-wave test- 
ing by comparing response vs frequency curves and square-wave- 
test output curves for a variety of circuits, some with poor 
low-frequency response, some with poor high-frequency response, 
and so on. The output is ordinarily viewed on the screen of a 
cathode-ray oscillograph. 

If the generator indicated in the circuit of Fig. 1-28 
generates a square wave of adjustable fundamental frequency, 
then the variation of the resulting voltage across the con- 
denser may have a variety of shapes depending on the frequency. 
If the ratio of condenser reactance at fundamental frequency to 
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Fic. 1-27. Response of low-pass filter whose characteristics are given in Fig. 1-23 to 
a double, rectangular, pulse. Shape of input pulse is shown dotted on each figure; 
solid curve in each case is output current. 


46 ULTRA -HIGH-FREQUENCY TECHNIQUES 


(a) 


(b) 


(c) 


Fic. 1-28. R-C circuit with square-wave generator, and condenser 
voltage variations for three different applied frequencies. 
(General Radio Experimenter ) 


circuit resistance is 10 to 1, then the curve (a) represents the 
condenser voltage variation. If the ratio is 1 to 1, curve (b) 
results, and (c) represents the conditions for a ratio of 0.1 
GO 4 

In Fig. 1-29 is shown the amplitude response for a sin- 
gle-stage amplifier, first as a function of frequency, and in 
(a), (b), and (c) respectively the square-wave response at fre- 
quencies of 1, 10, and 100 cps respectively. Although the am- 
plitude response curve is flat at 100 cps, the response to a 
100-cps square wave is not square, Owing to phase shift differ- 
ing for the different harmonics. 

A number of tests on transformers of different qQuali- 
ties, in which the frequency characteristics are compared with 
the output to square-wave excitation at 60 and 2000 cycles per 
second, are illustrated in Fig. 1-30. 
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1 10 100_f— 1000 
#5 Luda 
7 aaa Ge 


ooeree gl ah eer 
(c) 


FIG, 1-29. Frequency response of a single-stage amplifier, and square- 
wave response at three applied frequencies. (General Radio Experi- 


menter. ) 
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FIG. 1-30. Square-wave response (left) and amplitude response charac- 
teristic (right) characteristics for four different audio-frequency 
transformers. (The amplitude response characteristics are for sine- 
wave impressed voltages; the dates refer to construction of the trans- 
formers. The curves show the improvement achieved; the square-wave 


tests do likewise. ) 


Chapter 2 
FUNDAMENTALS OF TUBES; POWER SUPPLIES 


Because of the large amount of advanced material that 
must be covered in a course in ultra-high-frequency techniques, 
it is necessary to assume that the student is already familiar 
with the simpler aspects of the theory of electron tubes and 
circuits and with the physical phenomena upon which the opera- 
tion of electron tubes is based. The brief summary contained 
in the paragraphs that follow may be of value in suggesting 
topics that should be reviewed by the student. 


2-|. Electrons and lons.- The operation of electron 
tubes of all types is dependent upon the presence and movement 
of electrons within tubes and in electrical conductors connect- 
ing the electrodes. In tuoes containing gas or vapor the opera- 
tion. also depends upon the presence and movement of positive 
ions, the most common type of which is the positively charged 
particle that results from the removal of an electron from a 
neutral gas atom or molecule when the atom or molecule is struck 
by a rapidly moving electron. In order that an electron shall 
be able to ionize an atom or molecule it must possess kinetic 
energy at least equal to that which it would acquire in being 
accelerated from rest by the electric field existing between two 
electrodes having a potential difference equal to the ionization 
potential of the gas. An appreciable time is required for 4 gas 
to become ionized, and a very much longer time (100 to 1000 psec) 
for the ionized particles to be removed from the interelectrode 
space. 

A group of free charges in space is called space charge. 
If the charge is of one sign only, or if the density of charge 
of one sign in a given volume exceeds that of the other sign, an 
electric field is set up by the space charge. 


2-2. Electron Emission.- The electrons that make possi- 
ble the flow of current between the electrodes of an electron 
tube are ordinarily removed from the electrodes by thermionic 
emission, secondary emission, photoelectric emission, or field 
emission. The phenomenon of thermionic emission is in many re- 
spects similar to the vaporization of a liquid or solid. Metals 
contain large numbers of electrons which are loosely bound to 
the atoms and are therefore able to move about within the metals. 
As the result of collisions with atoms and molecules these free 
electrons acquire random velocities, the average value of which 
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increases with the temperature of the metal. In passing through 
the surface of the metal an electron loses an amount of kinetic 
energy, called the electron affinity, that depends upon the kind 
of metal and the condition of its surface. Electrons adjacent 
to the surface, and having a component of velocity toward the 
surface of such magnitude that the associated kinetic energy is 
at least equal to the electron affinity, pass through the sur- 
face of the metal and into the space beyond. If the space out- 
Side the metal does not contain an applied accelerating electric 
field, or if the field is small, a space charge forms outside 
the metal and produces a repelling field which causes most of 
the electrons to re-enter the metal. The electrons that move 
away from the emitter produce an emission current. The emission 
current is increased by an accelerating field produced at the 
surface of the metal by means of a positively charged conductor 
rear the surface of the emitter, called the anode or plate. The 
emission current increases with anode voltage toward the limit- 
ing value obtained when all the electrons are drawn away as soon 
as they are emitted. This saturation current is given by Rich- 
ardson's equation: 


2,-w/KT 


Ig = AT (a8), 


in which Ig is the saturation current per unit area of the emit- 
ter (amperes per unit area), T is the absolute temperature (de- 
grees C.), w is the electron affinity of the emitter (ergs), k is 
@ universal constant (= 1.37 x 107*° erg per degree C), and A is 
@ constant. Richardson's equation shows the necessity of using 
metals having low electron affinity in order to obtain high emis- 
sion at relatively low temperature. 

Secondary emission is emission of electrons from a sur- 
face as the result of bombardment of the surface by other elec- 
trons or by positive ions. Appreciable secondary emission may 
be obtained when the surface is bombarded by electrons which have 
been accelerated through a potential difference of only a few 
volts. The amount of secondary emission depends upon the sub- 
stance from which emission takes place, upon the condition of the 
surface, upon the temperature of the emitter, and it increases 
with velocity of the bombarding particles. It is considerably 
larger for bombardment by electrons than for bombardment by posi- 
tive ions. <A single primary electron may eject as many as 8 or 
10 secondary electrons. 

Field emission, i.e., emission of electrons solely as the 
result of the existence of an electrostatic field at the surface 
of a metal, takes place only at extremely high field strengths 
and is of importance principally in arc discharges. 

Photoelectric emission, i.e., the emission of electrons 
as the result of electromagnetic radiation falling upon the sur- 
face of a metal, is of importance in glow and arc discharges and 
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in phototubes, none of which will be taken up in this text. 


2-3. Practical Thermiunic Emitters.- In order to obtain 
high emission currents for a given amount of heating power, and 
in order to prevent vaporization-.of the emitter, it is necessary 
to use emitting materials that have a low electron affinity. Al- 
though both pure tungsten and tantalum are used in high-voltage 
transmitting tubes, most electron tubes make use of thoriated 
tungsten or oxide-coated emitters which have much lower electron 
affinity. Before either a thoriated tungsten or an oxide-coated 
cathode will give appreciable emission at normal operating tem- 
peratures it must be "activated" in a manner discussed in prac- 
tically all books dealing with the theory and applications of 
electron tubes. In the filamentary type of emitter, emission 
takes place directly from the surface of the conductor through 
which the heating current passes. In the heater type of emitter, 
the emission takes place from an oxide-coated surface, usually 
in the form of a cylindrical nickel sleeve, which is heated by 
means of an electric heating coil electrically insulated from 
the emitting surface. Although filamentary emitters heat more 
rapidly than heater-type cathodes, the latter have the advan- 
tages that the cathode and the heater are not connected electri- 
cally; hence several tubes may be operated from the same source 
of heater current with their cathodes at different potentials. 
The alternating current of the heater does not generally in- 
fluence the electrode currents. 


2-4. Limitation of Current by Space Charge.- As pointed 
out in Sec. 2-2, the space charge that collects near the surface 
of an emitter produces a field at the surface which tends to 
cause the electrons to re-enter the surface, and a high positive 
voltage must be applied to an adjacent anode in order to draw 
electrons away as fast as they are emitted. At any voltage less 
than that necessary to produce saturation current, the field at 
the cathode is the resultant of the accelerating field caused by 
the applied positive anode voltage and the retarding field pro- 
duced by the negative space charge. A theoretical expression, 
‘known as Child's law, for the anode current in terms of the 
anode voltage under the assumption that electrons have zero ve- 
locity upon emission from the cathode and that the electrodes 
are unipotential surfaces, may readily be derived by the appli- 
cation of electrodynamics. For plane parallel electrodes whose 
area S is large in comparison with the spacing d between them, 


Childs: lawnais 
0-8 Gey, 2/2 


- (2-2) 


dip ee Oe BAe 


in which ip is the anode current in amperes and ey is the anode 
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voltage in volts, and S$ and d° must have the same units. For 
concentric cylindrical electrodes whose length h is large in 
comparison with the spacing between them, Child's law is 

3/2 


Le a eBAxi0r® ee (2-3) 
in which r is the radius of the anode and § is a factor whose 
value depends upon the ratio of the radius of the anode to that 
of the cathode; £6 has the approximate value + for a ratio 2, = 
forea Tatio 3, and 0.9 for a ratio 8. The fact that practical 
diodes do not satisfy the assumptions made in the derivation of 
eqs. (2-2) and (2-3) causes the characteristics of practical 
diodes to differ from the theoretical characteristics, but these 
equations do indicate the importance of close anode-cathode spac- 
ing if high anode current is desired for a given value of anode 
voltage ey. 

Because the plate of a diode does not ordinarily become 
hot enough to emit electrons, no current flows when the anode is 
made negative. This fact makes possible the use of diodes in 
modulation, detection, and in power rectification. 


2-5. The Triode.- The introduction of a third electrode 
between the cathode and plate of a vacuum tube makes possible the 
variation of plate current by small variations of the voltage of 
this third electrode relative to the cathode. If this electrode 
is maintained negative relative to the cathode, no space current 
flows to or from it, and so at frequencies lower than a few hun- 
dred megacycles, the control is accomplished without the expendi- 
ture of energy in the control electrode circuit. In order that 
electrons may pass to the plate, the third electrode is ordinari- 
ly made in the form of a wire grid and is known as the grid. Be- 
cause the grid is located between the cathode and the plate, many 
of the electric field lines from the plate terminate on the grid 
and only a portion terminate on the cathode. The grid, on the 
other hand, is not shielded from the cathode. For this reason 
and because the distance from cathode to grid is less than that 
from cathode to plate, the resultant field at the cathode is af- 
fected much more by variations of grid voltage than by equal 
variations of plate voltage, and the grid is much more effective 
than the plate in controlling the plate current. This fact may 
be expressed in the form of the functional equation: 


Ip = Flep + Uec + £) (2-4) 


in which p, the amplification factor, is a quantity greater than 
mnity, € is a quantity that takes into account the initial ve- 
locities of the electrons after emission and the contact differ- 
ences of potential existing between the electrodes as the result 
of differences of electron affinity of the metals of which the 
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electrodes are made, and eg is the grid voltage. The amplifica- | 
tion factor depends upon grid wire diameter and spacing, upon 
electrode spacing, and upon electrode voltage and currents. Ex- 
cept in the case of tubes in which the grid wires are not evenly 
spaced, the variation of yw with electrode voltages is sufficient- 
ly small so that it may often be assumed to be constant over the 
working range of current and voltage. The amplification factor 

u may be defined mathematically by 


Lives eo (ip = const.) (2-5) 
0e€c 

and p is thus seen to be the negative of the slope of the curve 
of eb vs ec for constant plate current. It may be found approx- 
imately by taking the ratio of a small increment of plate volt- 
age to the corresponding increment of grid voltage at constant 
plate current in the vicinity of the voltages for which the value | 
is desired. These increments may be found from the family of 
curves of ip VS ep at constant €¢. 

Two other tube factors are very important in the analysis | 
of vacuum tube circuits. These are the plate resistance, which 
is defined mathematically by | 


i 


"P= 8% Bex ae 


and the (grid-plate) transconductance, which is defined mathe- 
matically by 


Bm = Sip/dec (2-7) 


From eq.//(2-6) ithis seen” that rp is the reciprocal of the slopeg 
of the plate characteristic, ip vs ep, for the given operating 
voltages, and (2%) shows that gm is the slope of the transfer 
characteristic, ip vs @éc at the given voltages. The plate re- 
sistance corresponding to given values of electrode voltage may 
be found most readily for a triode by drawing a tangent to the 
ip - ep curve at the point in question and computing the value of@ 
the reciprocal of the slope of the tangent in volts per ampere, 
or ohms. Differentiation of eq. (2-4) shows that Qn = H/rp. The | 
value of the transconductance corresponding to given values of 
electrode voltage may therefore be found from the ratio of the 
amplification factor to the plate resistance. It may also be 
found from the transfer characteristic, but transfer character- 
istics are not often available. It should be emphasized that the 
transconductance and plate resistance both vary greatly with | 
electrode voltages, and that the value listed for one set of volt- 
ages cannot, therefore, necessarily be used at other voltages. | 


1. The plate resistance rp is sometimes called the a-c resistance of the tube; 
the d-c resistance is ep/ip. 
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Typical triode characteristics~ are those of the 6F6 tube with 
triode connection, or of the 6C5. 


2-6. Tetrodes and Pentodes.- In certain applications of 
electron tubes it is important to reduce to a low value the ca- 
pacitance between the plate and the control grid. This can be 
accomplished by introducing a second grid, called the screen 
grid, between the control grid and the anode. In order to pull 
the electrons away from the cathode and at the same time to al- 
low a large portion of them to be drawn to the plate, the screen 
grid is operated at a voltage less than the steady component of 
anode voltage. Because of the fact that the screen grid also 
shields the plate from the cathode, that is, allows few field 
lines from the plate to terminate upon the cathode, the intro- 
duction of the screen grid decreases the effect of the anode 
voltage on electrons at the cathode, and thus increases the plate 
resistance and the amplification factor of the tube. Since the 
screen voltage is maintained constant in the operation of the 
tube, whereas the plate voltage may vary, the voltage of the 
plate may fall below that of the screen. Secondary electrons 
emitted from the plate are then drawn to the screen and thus re- 
duce the plate current. This causes the ip - ep curves to have 
negative slope over a range of plate voltage, as shown by the 
characteristics of the 24A tetrode, which is a typical tetrode. 
This is undesirable in the use of tubes in voltage and power 
amplification, as it restricts the range over which the plate 
voltage may vary without introducing excessive distortion. The 
difficulty may be eliminated by the introduction between the 
screen and the plate of a third grid, called the suppressor grid, 
maintained at cathode potential. Secondary electrons are then 
returned to the plate by the field between the suppressor grid 
and the plate. The additional shielding of the suppressor grid 
causes the plate resistance and amplification factor of pentodes 
to be even higher than those of tetrodes. The objectionable ef- 
fects of secondary emission from the plate can also be prevented 
by concentrating the cathode-plate space current into beams so 
as to produce a high-density space charge near the plate. The 
field due to the negative space charge returns secondary elec- 
trons to the plate in a beam power tube in the same manner as 
the field between suppressor grid and plate does in the suppres- 
sor pentode. Because the field between the screen and the plate 
is more uniform in a beam power tube than when a suppressor grid 
is used, the characteristic curves of beam power tubes are of a 


@. For these and other characteristics, consult a tube manufacturer's hand- 
book such as that of the Radiotron Division, RCA Manufacturing Co., Harri- 
son, N. J. The student should become thoroughly acquainted with tube 
manuals of this type. 
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more desirable form than those of suppressor pentodes. The 6SJ7 
and the 6F6 tubes illustrate typical suppressor-pentode char- 
acteristics, and the 6L6 typical beam-pentode characteristics. 

In certain applications of tubes it is desirable that 
the transfer characteristic, ip vS @€c¢, should approach the volt- 
age axis sharply. This result is attained by. the use of a grid 
having uniform spacing between wires of constant diameter. Such 
a grid is called a sharp-cutoff grid. In other applications, on 
the other hand, it is essential that the transfer characteristic 
should approach the voltage axis gradually. Such a character- 
istic results when the grid-wire spacing or the diameter of the 
grid wires varies along the length of the grid. Such a grid is 
called a variable-mu grid, or a remote-cutoff grid. 

Because the electrode currents of vacuum tubes are not 
linearly related to the electrode voltages, the application of 
alternating voltages to the electrodes, in addition to steady 
voltages, results in changes of average as well as instantaneous 
current. If the external circuits contain resistances, then the 
average electrode voltages also vary. The steady values of 
electrode voltages and currents existing when no alternating 
voltages are applied to the electrodes are called the static op- 
erating voltages and currents. The average values assumed when 
alternating voltage excitation is applied are called the dynamic 
operating values. The average value of grid voltage is called 
the grid bias. .In order to prevent the flow of grid curpena, 
the control-grid bias is usually made negative with respect to 
the cathode. The crest value of alternating grid voltage is 


called the grid swing. 


2-7. Transit Time.- At frequencies lower than a few 
hundred megacycles, the time taken for electrons to traverse the 
interelectrode spaces is so short, in comparison with:>the period, 
that the plate current may be assumed to respond instantaneously 
to changes of electrode voltages. As will be seen, however, at 
ultra-high frequencies the transit time of electrons is an ex- 
tremely important factor. in the behavior of vacuum tubes, and in 
some tubes the period, say of a 1000-megacycle current, may be 
approximately equal to the transit time. The effect of transit 
time on high-frequency oscillators is discussed in Ch. 10. 


2-8. Series Expansion for Electrode Currents.- Because 
the functional eq. (2-4) is complicated in form, and cannot be 
put into simple explicit form, this equation is of little value 
in the analysis of vacuum-tube circuits. The alternating com- 
ponent of plate current may, however, be expressed in the form 
of the series 
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in which 


@ = eg + Vy/ (2-9) 


where eg is the alternating voltage between the grid and the 
cathode, and vp is the impressed alternating voltage in the plate 
circuit. The coefficients an are constants involving the exter- 
nal circuit parameters, the plate resistance rp, the amplifica- 
tion factor yp, and their derivatives evaluated at the operating 
point. 

If the external circuit contains inductance and capaci- 
tance, the series (220) must be replaced by another of the same 
type~ but with each coefficient a complex number whose modulus 
value is to multiply e, Bais etc., and whose phase angle is to be 
added to the various sine terms contained in e, an etc.) avThe 
first coefficient is 

cre eee 
where Z,_ is the impedance in the external plate circuit. 

Because of the complicated form of the higher order co- 
efficients, the series expansion for plate current is ordinarily 
not of great value in the numerical solution of particular cir- 
cuits. It is, however, of importance in the general analysis of 
amplification, detection, and modulation. One application is in 
the proof that the non-linearity of the vacuum tubes results in 
the generation by the tubes of harmonic and intermodulation fre- 
quencies not present in the exciting voltages impressed upon the 
circuits. The proof consists merely in substituting in eq. (2-8) 
& voltage e which is sinusoidal in form or is the sum of two or 
more sinusoidal voltages. The series expansion may also be used 
to show that the introduction of impedance into the plate circuit 
tends to straighten the transfer characteristic and thus to re- 
duce the generation of intermodulation and harmonic frequencies. 

Equations (2-8) to (2-10), with suitable changes in sym- 
bols, may also be applied to electrodes other than the plate. 


2-9. The Equivalent Plate Circuit.- In the solution of 
many vacuum tube problems, particularly when the excitation volt- 
age is small and the load impedance high, sufficient accuracy is 
obtained by using only the first term of the series expansion. 
This is equivalent to assuming that the tube is a linear circuit 
element. Examination of the first term of the series expansion 
for plate current leads to the equivalent-plate-circuit theorem 
for amplification, which states that the tube may be replaced by 
assuming there is connected between the cathode and the plate a 


3. The derivation of these series is given in detail in McIlwain and Brainerd, 
"High Frequency Alternating Currents," Wiley, New York, 1939. 
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fictitious generator of voltage vp + eg in series with the a-c 
plate resistance rp. Once the equivalent circuit* has been 
formed, it may be solved just as any other a-c circuit, and no 
consideration need be given the fact that the actual circuit 
contains a tube. 

Use of the following procedure insures that voltage and 
current polarities are correct in the equivalent circuit: 

1. In the actual circuit diagram, show the instantaneous 
grid excitation voltage vg (the alternating voltage impressed in 
the grid circuit) in such polarity as to make the grid positive. 

2. Show the instantaneous plate current ip flowing into 
the plate. 

3. Insert the equivalent voltage Weg, in series with the 
operating plate resistance rp, between the plate and the cathode, 
choosing the polarity of the equivalent voltage so that it would 
cause ip to flow in the direction indicated in 2. 

4, Assume directions for the other instantaneous circuit 
currents. 

5. Delete (or show dotted) the tube symbol, the bat- 
teries, and all circuit elements not coupled to the plate (such 
as the screen circuit). 

6. Redraw the resulting equivalent circuit in the form in 
which it may be most readily analyzed. 

The value of the instantaneous grid voltage €g may differ 
from the exciting voltage Vg applied from an external source if 
the plate circuit is coupled in any manner to the grid circuit, 
as, for instance, in Fig. 2-1. In general, therefore, it is nec- 
essary to evaluate €g in terms of Vg and circuit parameters and ~ 
currents before the circuit can be solved. The instantaneous 
voltage eg is usually most readily found from the actual circuit 
and has a complex equivalent equal to the vector sum of all al- 
ternating voltages between the cathode and the grid along any 
continuous path. 

With suitable changes of symbols, the above procedure 
may be used for the circuits of other electrodes than the plate. 
The method of forming an equivalent plate circuit is illustrated 
in Fig. 2-1. Summation of alternating voltages between the 


4, It should be noticed that the equivalent-plate-circuit theorem applies only 
under certain conditions: no allowance is made for grid current, hence the 
grid must be negative, the interelectrode capacitances are assumed negligi- 
ble, hence the frequency must not be too high; harmonics not in the applied 
voltages are not considered, etc. The theorem is used particularly in con- 
nection with amplifiers and oscillators. Chapter 3 (Amplification) is 
based to a large extent on results obtained by replacing a tube by the fic-. 
titious generator in series with rp between cathode and plate, and solving 
the resulting circuits. The theorem is of little use in cases where the 
non-linear properties of a tube are of interest, as in detection and modu- 
lation. 
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(Cc) 
Fic. 2-1. (a) Tube circuit. (b) Corresponding 
equivalent plate circuit. (c ) Equivalent plate 
circuit after rearrangement. 


cathode and the grid shows that, writing Cg, Vg, i1 and io in 
complex form, Eg is equal to - Is/jwCy or to Vg - (Ie - I:)Rs. 


2-10. Electrode Capacitances.- The operation of electron 
tubes may be greatly affected by the capacitances between elec- 


trodes (see Fig. 3-7). The effective input capacitance may be 
much greater than the physical interelectrode capacitances. It 


is shown in Sec. 3-3 that the effective input capacitance between 
the grid and cathode of a vacuum tube at frequencies below a few 
hundred megacycles is approximately equal to 


Cy = Cox + (1 + A)Cgp ‘ (2-11) 


in which Cg, is the grid-cathode capacitance, Cgp is the grid- 
plate capacitance, and A is the magnitude of the voltage 
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amplification of the tube and circuit. Since A may be large, it 
is evident that the effective input capacitance may be large, 
even though the interelectrode capacitances are small. Since A 
cannot exceed yp, the effective input capacitance cannot exceed 


2-l1. Plate Diagram. A very useful tool in the analysis 
of many vacuum tube problems is the plate diagram, which consists 
of the family of ip - ep characteristics on which is indicated 
the path of operation, or locus of simultaneous values of current 
and voltage assumed when the tube is excited. In general, the 
path of operation is approximately elliptical in form, > and can 
be constructed only by methods of successive approximation. Much 
useful information can be obtained, however, if it is assumed 
that the load is non-reactive. The path of operation, or load 
line, is then linear, and can be readily constructed. A typical 
plate diagram for a triode, constructed under the assumption that 
the average plate current does not change appreciably when the 
tube is excited, is shown in Fig. 2-2. 

In Fig. 2-2 the static load line is the locus of all cor- 
responding values of steady voltage and current that can be as- 
sumed with the given load and plate supply voltage Epp when no 
alternating voltage is impressed upon the electrodes. This line 


77 Dynamic load line 


_... static 
-~" load line 


Plate Current 


Plate Voltage Epp 


Fic, 2-2. Simplified plate diagram for a circuit in which the 
a-c resistance of the load exceeds the d-c resistance. 


5» Because if i = I cos wt and e = E cos (wt + 9) where I, E, w, and @ are 
constants, then 1 vs e is an ellipse, as can be shown by eliminating t and 
getting i in terms of e. Ellipses such as this can easily be produced on 
a cathode-ray oscillograph. In the case of the vacuum tube the locus is 
not an ellipse because the varying current does not vary as the voltage ; 
but as indicated by (2-8). 
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passes through a point on the voltage axis corresponding to the 
plate supply voltage, and has a negative slope equal to the re- 
ciprocal of the d-c resistance of the plate circuit, expressed 
in amperes per volt. The intersection of this line with the 
plate characteristic corresponding to the grid bias, Ec, deter- 
mines the static operating point 0. The dynamic operating line 
is the locus of all simultaneous values of current and voltage 
assumed during the cycle when alternating voltage is impressed 
upon the grid. This line passes through the operating point and 
has a negative slope, expressed in amperes per volt, equal to 
the reciprocal of the a-c resistance of the plate load. 

From the intersections of the dynamic load line with the 
static plate characteristics it is possible to find correspond- 
ing values of plate current and grid voltage from which the dy- 
namic transfer characteristic of the tube and load may be con- 
structed. This may in turn be used to construct a curve of plate 
current corresponding to a given curve of grid voltage. From 
the intersections of the dynamic load line with the plate char- 
acteristics it is also possible to find the change of plate volt- 
age corresponding to a given change of grid voltage. Since the 
change of plate voltage is equal in magnitude to the change of 
voltage across the load, the ratio of the change in plate volt- 
age to the change in grid voltage, corresponding to points on the 
dynamic load line, gives the approximate voltage amplification. 
The power output may be determined by finding one-eighth the area 
of the rectangle, sides parallel to the axes, which has as a di- 
agonal the ends of the dynamic load line for the given grid swing. 
The application of simple formulas for harmonic content also 
makes it possible to determine the harmonic content of the curve 
of plate current, and thus the percentage distortion. 


2-12. Power Supplies.- Practically all vacuum tubes are 
dependent in their operation upon a source of high direct volt- 
age. Ordinarily an electron-tube rectifier constitutes the most 
satisfactory source of high-voltage power for this purpose. Among 
the advantages of electronic power supplies over rotating ma- 
chines are their relatively low cost, their compactness and light 
weight, their quietness of operation, effectiveness of control of 
voltage, and the ease with which they may be turned on and off. 
Since the output voltage of a rectifier is pulsating, and the 
voltage used in most tube circuits must be nearly free of pulsa- 
tion, rectifiers that supply direct voltages to tubes must usual- 
ly be followed by smoothing filters. 

The alternating component of unidirectional voltage from 
a rectifier or generator used as a source of direct voltage is 
called the ripple voltage. The ripple voltage is not generally 
sinusoidal and therefore possesses both fundamental and harmonic 
components. The effectiveness of a smoothing filter increases 


60 ULTRA -HIGH-FREQUENCY TECHNIQUES 


with the frequency of the voltage input to the filter and the 
amplitudes of the ripple harmonics decrease with the order of the 
harmonics. A filter which is designed to produce adequate fil- 
tering at the fundamental ripple frequency will, therefore, usu- 
ally reduce ripple harmonic voltages to negligible values. Hence 
the degree to which ripple voltage is objectionable can best be 
specified by the ratio of the amplitude of the fundamental com- 
ponent of the ripple voltage to the average (direct) value of 
total voltage, known as the ripple factor. 

The ripple that can be tolerated at the load depends 
upon the purpose for which the power supply is to be used. In 
the microphone circuit of a radio transmitter the ripple factor 
should not exceed 0.005 per cent. In audio-frequency amplifiers, 
ripple factors may lie in the range from 0.01 to 0.1 per cent, 
and even 1 per cent may sometimes be used without cbjectionable 
hum resulting. In voltages for cathode-ray oscillograph tubes 
the ripple should be less than 1 per cent. In certain types of 
electronic control devices, such as those making use of photo- 
tubes to operate relays, the allowable ripple may sometimes be so 
high that no smoothing filter need be used. The effectiveness of 
a smoothing filter in removing a component of ripple voltage of 
any frequency is indicated by the effect the filter would have 
upon a sinusoidal voltage of that frequency. The ratio of the 
amplitude of a sinusoidal voltage of given frequency impressed 
upon the input of a filter to the amplitude of the resulting 
Sinusoidal output voltage will be termed the smoothing factor at 
that frequency. The following symbols will be used: 


SUPDLY “LVCOUSNCY «at «sia «laters cere tte ete eee f 
Fundamental ripple frequency... 43... <eetes fy 
Amplitude of fundamental component of rip- 

ple Woltape at: Tier iret sl ce eee Erl 
Average value of total output voltage...... Eac 
Ripple factor, Bvi/Bac, ab. unput to riltem 1 
smoothing factor at any frequency. ....5.... a 
Smoothing factor at fundamental ripple fre- 

UCI Oy aah as 0) 6 608. ey wi eirminsnie. wrebene eiphener scatieebe taden areks Qa 


Primed symbols will be used to indicate ripple voltage and its 
components at the output of the filter (across the load). 


2-13. Rectifier Circuits.- Figure 2-3 shows the circuits 
of the two rectifiers used most commonly to supply voltages for 
the operation of equipment discussed in later chapters of this 
book, the single-phase half-wave rectifier, and the single-phase 
full-wave rectifier. Curves of positive secondary transformer 
voltage and of load current for resistance and inductive loads 
are shown in Fig. 2-4. These curves are obtained under the as- 
sumption that tube and transformer voltage drops are negligible. 
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Fic. 2-3. Single-phase half-wave and full-wave rectifiers. 


When the load (including the filter) is non-reactive, current 
flows in each anode only during the portion of the cycle in which 
the secondary voltage applied to that anode is positive and the 
instantaneous current is proportional to the instantaneous sec- 
ondary voltage. The current waves are therefore of the form 
shown by the dotted curves. Inductance in the load tends to pre- 
vent the current from building up or dying down, and so changes 
the current wave forms to those shown by the solid curves. If 
the inductance can be made large enough, the load current becomes 
nearly constant. In the full-wave circuit the current into each 
anode is then nearly a rectangular pulse. 

Important information concerning half-wave and full-wave 
single-phase rectifier circuits is listed in Table 2-I. In 
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Single-phase, Half-wave Single-phase, Full-wave 


Fic.24. Curves of positive secondary voltage and load current for 
single-phase rectifiers. 
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deriving the values listed in this table, it is assumed that tube 
and transformer drops are negligible and that the load is resis- 
tive or inductive. Capacitive load will be discussed in a sepa- 
rate section. The chief merits of the single-phase half-wave 


Single-phase 
half-wave 


Induct- | Resist-| Single-phase 


Table 2-I 


Type.-of ‘circuit 


ance in} ance full-wave 
series load, Inductance in 
with without | series with 
load choke — load 
Secondary volts per leg + direct voltage.. Lil 
Primary volts per leg + direct voltage.... pis) 
Primary current per leg + direct current.. 1.0 
Secondary current per leg + direct current 0.707 
Primary kva + d-c WALLED. vchea Sao pene aera Leo 
Secondary kva + d-c watts...... be ke pW ks 
Peak inverse tube voltage....... Saha ee aie 3.14 
Average tube current + direct current..... 0.707 
Peak tube current + direct current........ 1.00 
Fundamental ripple frequency fy in terms 
Of eupply: Trequency "fs ywlels ae sce wae eres ef 
REpple TACLOY Ol. sa eens Cee mee eee te were 0.667 
Second-harmonic ripple factor Po...eecceee O*VL55 
Third-harmonic ripple factor Pa..scccccees 0.057 


*Values change with ratio of load resistance to series inductance. 


rectifier are its simplicity and somewhat lower cost. Another 
advantage is that when the output of the rectifier is shunted by 
a condenser, approximately twice the output voltage can be ob- 
tained at light loads for a given number of total secondary turns } 
with the half-wave circuit as with the full-wave circuit. These 
advantages are offset, however, by higher ripple amplitude and 
lower ripple frequency, which may necessitate the use of a more 
expensive and bulkier filter; by poorer voltage regulation; and 
by low transformer efficiency. The low transformer efficiency 
is caused by the facts that anode current flows during only one- 
half of the cycle and that rectified direct current flows through | 
the secondary and saturates the core. The half-wave circuit is 
used principally in applications in which the load current is 
small, as in supplying the anode voltages for cathode-ray tubes, 
or grid bias for amplifiers. 
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2-I4. Condenser Filter.- The simplest type of smoothing 
filter consists simply of a condenser shunting the output of the 
rectifier, as shown in Fig. 2-5a. Anode current flows only when 
the induced secondary voltage of half the transformer exceeds the 
condenser voltage. Since the charging current of the condenser 


Input from Toan 
rectifier 


(a) 


Input from 


rectifier ra a0 


(b) 


Load 


Input from 


rectifier Load 


ic) 


Fic, 2-5. Three types of smoothing filters; (a) condenser; 
(b) choke condenser (L-section); (c) choke- condenser 
with condenser input (pi-section). 


is limited only by the re- 
actance of the transformer and 
the tube voltage drop, the 
5 4 condenser voltage rises nearly 
---Secondary 4 
Voltage as fast as the induced second 


ary voltage until induced 
Mee voltage reaches its maximum 
<+-- Condenser 


value. Unless the load cur- 


es rent is very large, the in- 
A f f -~-Tube duced voltage then decreases 
Current 
Fic, 2-6. Approximate wave form of more rapidly than the condens- 
condenser voltage and tube current er voltage, and so anode cur- 
in full- wave single-phase rectifier rent cannot flow. The con- 
With resistance-capacitance load, denser discharges through the 


load during the remainder of 
the cycle, the condenser 
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voltage falling exponentially at a rate determined by the con- 
denser capacitance and the load current. Figure 2-6 shows the 
wave form of the condenser voltage and of the anode current. At 
light loads the ripple factor is given approximately by the re- 
lation 
fs) iL 
Pannen 


in which R is the resistance of the load, and C is the filter 
capacitance. Equation (2-12) holds for both the full-wave and 
the half-wave circuit. Since fy is only half as great in the 
half-wave circuit as in the full-wave circuit, the ripple is 
twice as great in the half-wave circuit. At light load the di- 
rect voltage output of the half-wave circuit approximates the 
crest secondary voltage and that of the full-wave circuit approx- 
imates the crest voltage of half the secondary. Because the 
rate at which the condenser discharges increases with increase of 
load current, the average voltage across the load falls rapidly 
with increase of load current. For this reason the simple con- 
denser filter results in poor voltage regulation and is used only 
in applications in which the load current is small. 


(2-12) 


2-15. Voltage Doubler.- Figure 2-7 shows a form of sin- 
gle-phase half-wave rectifier which gives a direct voltage that 
approximates twice the crest secondary voltage at light loads. 
The two condensers, which are charged in alternate halves of the 
cycle through two rectifier tubes, are connected in series so 


Load 
Fic, 2-7, Voltage doubler. 
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that their voltages add. The direct load voltage is twice the 
average voltage of each condenser, and the variation of load 
voltage is equal to the variation of voltage of either condenser. 
The ripple frequency of the load is twice that of each condenser, 
or twice the supply frequency. The ripple factor at light loads 
approximates the value 

1 


Pp ~ TPR (2-13) 


in which f is the supply frequency, R is the resistance of the 
load, and C is the capacitance of each condenser. 

One advantage of the voltage doubler is that it may some- 
times be used to furnish a required high direct voltage without 
the use of a transformer between the a-c supply and the recti- 
fier. The circuit requires the use of two filament transformers, 
however, or of a full-wave rectifier tube with two independent 
cathodes. The 25Z5 tube is a heater-type rectifier tube de- 
Signed for this type of service. More complicated circuits may 
be used to obtain a direct voltage approximately equal to four 
times the crest alternating voltage.°® Voltage doublers, like the 
simple condenser filter, may be followed by other forms of 
smoothing filters. Because of their poor voltage regulation and 
high peak tube current, the use of voltage doubler circuits is 
usually limited to applications in which the required current 
output is small. 


2-16. Choke-Condenser (L-Section) Filters.- Figure 2-5b 
shows the type of filter that is used in most power supplies de- 
signed to furnish appreciable load current. The exact analysis 
of a multi-section filter of this type is rather involved. Be- 
cause the impedance that shunts a condenser is large, however, 
in comparison with the reactance of the condenser if adequate 
filtering is to be obtained, the shunting impedance may be neg- 
lected for many practical purposes. The smoothing factor a of a 
single section consisting of a series inductance and a shunt con- 
denser is equal to the alternating voltage impressed across the 
series combination of choke and condenser divided by the alter- 
nating voltage appearing across the condenser. Under the assump- 
tion that the impedance shunting the condenser is so high that it 
may be neglected, this ratio is approximately equal to the vector 
sum of the inductive and capacitive reactances divided by the 
capacitive reactance. 


Xr - Xx 
a= oS AEG, (2-13a) 


6. Garstang, W. W., Electronics, Feb. 1932, p. 50; Waidelich, D. L., Elec- 
tronics, May 1941, p. 28. 
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The value of the product LC required to give a smoothing factor 
of value ais 
a+ 1 
LC = re (2-14) 

Under the same assumption, the value of LC required for 

each stage of a filter having n Se ae sections is approximately 

LC = 0.0253 mee (2-15) 
in which a, is the required smoothing factor at the ripple fre- 
quency fr. 

It can be seen from eq. (2-15) cher a desired value of 
smoothing factor may be obtained with a single-section filter or 
with two or more sections. An infinite number of combinations of 
L and C may also be used to give the required value of the prod- 
uct LC. The choice of the number of sections and of the values 
of L and C is influenced by such considerations as available 
standard parts, relative cost of condensers and chokes, weight 
and size of condensers and chokes, and increased voltage regula- 
tion resulting from choke resistance. All sections of a multi- 
section filter may usually be identical. 

Although there is great latitude in the values of L and 
C that may be used with a given product LC, there is a lower 
limit to the inductance L,; of the first section of the filter, 
below which it is not desirable to go. When the inductance of 
the first choke is insufficient to maintain a continuous flow of 
current into the filter, the direct output voltage varies ap- 
preciably with load. It is also desirable to maintain continuous 
flow of current in order to keep the peak anode current as low as 
possible and to make the tube and transformer efficiency high. 
Low peak anode current and low voltage regulation are obtained if 
the inductance Li of the first choke exceeds the value 


Teh mt Oo eee (2-16) 
fy 
at minimum load and twice this value at full load, where Rt is 
the total resistance of the load, including the chokes. For a 
60-cycle, single-phase full-wave rectifier, eq. (2-16) reduces to 


Lo = Rt /1000 (2-17) 


At intermediate values of load, the required minimum first choke 
inductance may be assumed to vary linearly with load current. 
Since the flow of direct current through the chokes saturates the 
cores and thus reduces the inductance, the air gap must be of 
such length as to ensure that the actual value exceeds the re- 
quired value at all loads. So-called "swinging chokes" are de- 
signed to meet this requirement. Too large an air gap is likely 
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to result in insufficient inductance at light loads; too small 
&@ gap may result in insufficient inductance at intermediate 
loads, which may in turn lead to violent "motorboating" (low- 
frequency oscillation) of the filter.” 


2-17. Resistance-Condenser Filters.- In certain appli- 
cations, the chokes of the smoothing filter of Fig. 2-5b may be 
replaced by resistors. The d-c resistance of resistance-con- 
denser filters is much higher than that of inductance-condenser 
filters using condensers of equal capacitance and having the 
same smoothing factor. This higher resistance results in poor- 
er voltage regulation, lower terminal voltage, and greater heat 
dissipation. The peak anode current is also higher, and the 
transformer efficiency lower. Resistance-condenser filters in- 
corporating small low-cost electrolytic condensers of high ca- 
pacitance may sometimes be used to advantage in applications in 
which low cost, lightness, and small size are primary considera- 
tions and in which the current demand is small, as in power sup- 
plies used to supply bias voltages or anode voltages for cath- 
ode-ray tubes. 


2-18. Inductance-Condenser Filters with Condenser In- 
put.- In some applications it is advantageous to use a condens- 
er in the input of an inductance-capacitance filter, as shown in 
Fig. 2-5c. The condenser greatly reduces the ripple and raises 
the direct voltage output to a value that approximates crest 
secondary voltage at light load. As has already been pointed 
out, however, the increase of the rate at which the condenser 
discharges between charging periods causes the direct voltage 
to fall rapidly with increase of load current. Because anode 
current flows only during short portions of the cycle, as shown 
in Fig. 2-6, the ratio of the peak anode current to the load 
current is high, and the efficiency is low. The high peak anode 
current is particularly objectionable in mercury-vapor rectifier 
tubes, since it may result in damage to the cathode. 

At light loads the ripple in the voltage of the input 
condenser may be calculated approximately by the use of eq. 
(2-12). Equation (2-15) may then be used to design the re- 
mainder of the filter for a given value of allowable ripple in 
the output. At high load currents such a filter can be de- 
signed accurately only by methods of successive approximation. ® 
For conservative design the effect of the input condenser upon 
the ripple may be neglected. 


7. Dellenbaugh, F. S. Jr., and Quinby, R. S., QST, Feb. 1932, p. 14; March 
bO52, DP» 27; April 1932, p. 33. 
8. Stout, M. B., Electrical Engineering, 54, 977 (1935). 
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2-19. Choice of Tubes for Power Supplies.- Because mer- 
cury-vapor tubes have lower voltage drop, they give higher ef- 
ficiency of operation than high-vacuum tubes. Because the volt- 
age drop is practically constant in mercury-vapor tubes through- 
out the normal range of current, they give better voltage regu- 
lation than high-vacuum tubes. Mercury-vapor tubes pass higher 
current than high-vacuum tubes of equal size. The voltage that 
can be rectified by a mercury-vapor tube is however limited be- 
cause of danger of glow and subsequent breakdown into an arc 
during the time the anode is negative. Mercury-vapor tubes are 
more readily damaged as the result of excessive anode current, 
and adequate provision must be made to prevent application of 
anode voltage before the cathode temperature has reached the 
operating value. The abrupt changes of anode current which 
take place when mercury-vapor tubes build up or break down pro- 
duce high-frequency transient disturbances that may be objec- 
tionable in some applications of rectifiers. These disturbances 
must be prevented from affecting other circuits connected to the 
power supply and from being transferred to the a-c line or radi- 
ated. 

The complete circuit of a single-phase half-wave power 
supply is shown in Fig. 2-8. In order to prevent the by-passing 
of ripple voltage around the chokes as the result of interwind- 
ing capacitance to ground, the chokes should always be placed in 


=a 


the d-c line that is not grounded. Since in most applications 
of power supplies the negative side of the d-c output is ground- 
ed, the chokes are usually placed in the positive line. To pre- 
vent ripple resulting from the picking up of stray a-c fields by 
the last choke, care must be exercised in arranging the compo- 
nent parts of the power supply. The final choke should in gen- 
eral not be placed too close to the power transformer, and 
should be turned so that there is a minimum of flux linkage. 
Several difficulties may result from the fact that the 
filter may comprise one or more potentially resonant circuits. 


Bleeder 


Fic. 2-8. 
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If series resonance takes place between the inductance and ca- 
pacitance of a filter section at a frequency contained in the 
ripple, the ripple output of the section may be much larger than 
the input. This difficulty can be prevented by making the reso- 
nance frequency of each section lower than the fundamental rip- 
ple frequency. Transient*oscillations of large amplitude may 
result from sudden changes of load current, or when the power is 
first applied to the primary of the transformer. One function 
of the bleeder resistance across the output of the filter is to 
prevent breakdown of filter condensers as the result of high 
transient voltages. This resistor may also serve as a voltage 
divider. 

Care must always be taken to ensure that the peak in- 
verse voltage CA se 9 greatest magnitude of negative potential of 
anode with respect to cathode or other electrode) to which the 
rectifier tubes are subjected does not exceed the allowable val- 
ue specified by the manufacturer. The peak inverse voltage is 
greatest when a condenser is used in the input to the filter, 
being approximately twice the crest secondary voltage in the 
circuit of each anode. Values for resistance and inductive load 
are given in Table 2-I. It is extremely important that high- 
voltage and filament transformers be adequately insulated. 

In order to prevent the possibility of oscillation in a 
multi-stage amplifier with which it is used, the terminal im- 
pedance of a power supply should be low at the low-frequency end 
of the frequency band passed by the amplifier. Since the termi- 
nal impedance is determined almost entirely by the capacitance 
of the final condenser, this condenser must be made large enough 
so that its reactance is less than the allowable terminal im- 
pedance. 


2-20. Illustrative Problem.- Application of the princi- 
ples discussed above can best be illustrated by the design of a 
single-phase full-wave rectifier that will furnish a direct volt- 
age of 1500 volts at a load current of 250 milliamperes and a 
ripple factor not to exceed 0.1 per cent. 


Examination of Table 2-I shows that the ripple factor 
at the output of the rectifier is 0,667, that the ripple fre- 
quency is 120 cycles, and that the peak inverse tube voltage 
is 3.14 x 1500 = 4700 volts. Reference to a transmitting- 
tube manual shows that the type 866-A/866 mercury-vapor recti- 
fier tube can carry the required current and withstand the 
peak inverse voltage. Substitution of a = 0.667/0.001 = 667 
and fy = 120 cps in eq. (2-14) gives the following values of 
LC: 

Single-section filter......1174 x 107° henry x farad 
Muc-section filter.........4#7.1 x 10°" henry x farad 
Three-section filter.......17.1 x 10°° henry x farad 
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It is evident from these figures that a two-section filter 
can give the required filtering without the use of excessive- 
ly large condensers. Assume that a 50,000-ohm bleeder will 
be used and that the choke resistance is 75 ohms per choke. 
The bleeder current is 30 milliamperes, and Rt at full load is 
1500/(250 + 30)107° + 150, or 5520 ohms. Ly should therefore 
exceed 5520/5000 or approximately 11 henrys at full load. Un- 
der the assumption that choke inductance will be reduced ap- 
proximately 50 per cent from no load to full load, a first 
choke having a no-load value of 25 henrys will be satisfac- 
tory at full load. Since at no load Rt+ is equal to the re- 
sistance of the bleeder plus that of the chokes, eq. (2-17) 
calls for a no-load inductance of approximately 50 henrys for 
the first choke. This value can be reduced to approximately 
25 henrys by the use of a 25-ohm bleeder. It is unlikely, 
however, that the importance of good voltage regulation at 
very light loads is great enough to offset the disadvantages 
of the higher current drain of the lower-resistance bleeder 
and the accompanying higher heat dissipation. For this rea- 
son the 50,000-ohm bleeder and 25-henry choke should be sat- 
isfactory. The required capacitance is then 3.77 microfarads. 
A two-section filter using 25-henry chokes and 4-microfarad 
condensers will give the required filtering. The resonant 
frequency of each section is 1/2nV12.5 xl RecTOTeS 2c’. 5"Ope 
at full load, which is well below the ripple frequency. At 
full load the voltage drop through the chokes is 150 x 0.280 
= 42 volts. The tube voltage drop is 15 volts. Table 2-I 
shows that the ratio of the rms secondary voltage per tube to 
the direct voltage output of the rectifier, neglecting tube 
drop, is 1.11. Therefore the rms secondary voltage per tube 
should be 1.11 (1500 + 42 + 15) = 1730 volts at full load. 
The terminal impedance is approximately equal to the react- 
ance of the second filter condenser, which is roughly 400 
ohms at 100 cycles. 


2-21. Voltage Stabilizers.- In many of the circuits 
discussed in later chapters of this book it is necessary to use 
high voltages that are independent of fluctuations of supply 
voltage and of load. Direct voltages of almost any -desired de- 
gree of constancy can be obtained by the use of electronic volt- 
age stabilizers. Since a stabilizer that eliminates random 
changes of voltage will in general also eliminate periodic 
changes of voltage, voltage stabilizers used in the output of a 
power supply produce the additional beneficial effect of reduc- 
ing ripple voltage. Types of stabilizers that reduce the varia- 
tion of voltage with load current also reduce the internal 
terminal impedance of the stabilized voltage supply. 
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Fic, 2-9. Glow-tube voltage stabilizer. 


The simplest type of 
voltage stabilizer consists of 
a glow-discharge tube used 
with a resistance, as shown in 
Fig. 2-9. Over a wide range 
of current, called the "nor- 
mal" current range, the volt- 
age of a glow-discharge tube 
having a cathode of large area 
is nearly independent of cur- 
rent. Increase of input volt- 
age in the circuit of Fig. 2-9 
results in an increase of IR 
drop through the series re- 
sistance, the tube voltage in- 
creasing only slightly. In- 
crease in current through the 
load results in an almost 
equal reduction in tube cur- 
rent at nearly constant tube 
voltage. Tubes such as the 


874, the VR-75-30, the VR-105-30, and the VR-150-30 are de- 


signed to operate at different useful values of voltage. 


Where 


higher voltages are required, two or more tubes may be used in 
series, in which case several regulated voltages may be obtained 


~ “: 


Fic. 2-10. Glow-tube voltage stabilizer, 


from the same circuit, as 
shown in Fig. 2-10. The 
series resistance and in- 
put voltage must always be 
such that the tube currents 
lie within the range for 
which the tubes are de- 
Signed, throughout the en- 
tire range of load current 
desired. 

Figure 2-1ll shows a 
high-vacuum-tube circuit 
that is essentially a de- 
generative amplifier (see 
Sec. 3-11). The resistance 
R may be the resistance of 
the load. Increase of out- 
put voltage Eo as the re- 
sult of either increase of 
load resistance or increase 
of input voltage increases 
the negative grid bias and 
thus tends to reduce the 
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Fic. 2-11, 


plate current. The reduction of plate current in turn partially 
eliminates the change in output voltage. The purpose of Rez is 
to prevent the flow of excessive grid current when the input 
voltage is removed. The analysis of the equivalent plate cir- 
cuit given in Sec. 3-11 shows that high stabilization necessi- 
tates the use of tubes with high amplification factor. To pré= 
vent loss of output voltage resulting from voltage drop through 
the tube, high-current tubes should be used. Since tubes having 
high amplification factor in general pass low plate current, 
this circuit is useful only in applications where the load cur- 
rent is small. 

The circuit of Fig. 2-lea is based upon the bridge cir- 
cuit used for the measurement of amplification factor,” <EeeRe 
is equal to pRi, the increase of negative grid voltage result- 
ing from increase of E; is compensated by the increase of plate 
voltage and the plate current does not change. Hence the volt- 
age across Rs, which may be the load, remains constant through- 
out any range of voltages in which the amplification factor is 
essentially constant. By making Re slightly smaller than uRi, 
the output voltage can be made to increase with decrease of in- 
put voltage. The output voltage is less than the input voltage 
by the sum of the voltage across Ri and the drop through the 
tube. Since Ri/Re decreases with increase of yp, the small volt- 
age loss in Ri requires the use of a tube with high amplifica- 
tion factor. This circuit, like the degenerative circuit, is 
therefore best suited to applications in which the load current 
is small. 

The circuit of Fig. 2-1l2b is based upon a bridge circuit 
used in the measurement of transconductance.*° Increase of Ei 


9. See Standards on Electronics, 1938, Inst. of Radio Eng., p. 32. 
10. See Standards on Electronics, 1938, Inst. of Radio Eng., p. 30. 
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(a) (b) 
Fic. 2-12. Mu-bridge and transconductance-bridge voltage stabilizers. 


makes the grid less negative and thus increases the plate cur- 
rent. By proper choice of circuit constants, the resulting in- 
crease of IR drop across Rs can be made to equal the increase 
of input voltage, so that the output voltage remains constant. 
Analysis of the equivalent plate circuit shows that this result 
is attained when Rs = Re/Rigm. Since Rg should be small in or- 
der to prevent unnecessary loss of voltage, a high-transcon- 
ductance tube should be used in this circuit. As in the cir- 
cuits of Figs. 2-11 and 2-l2a, the resistance R, prevents the 
flow of high grid current in case the circuit is improperly ad- 
justed. The glow tube furnishes a constant biasing voltage. 
Neither of the circuits of Fig. 2-12 compensates for 
changes of output voltage resulting from changes of load. In 
fact, the series resistances make the voltage regulation poorer 
and increase the effective internal impedance of the voltage 
supply. Figure 2-13 shows a circuit that compensates for both 
changes of input voltage and of load current and has a low in- 
ternal impedance between the output terminals. This circuit, 
which is the most commonly used type, is essentially a two-stage 
inverse-feedback circuit. Increase of Eo decreases the size of 
the negative grid voltage of Ti and thus increases the plate 
current of Ti. The resulting increase of voltage across Ro 
makes the grid of Ts more negative thus reducing the plate cur- 
rent of Ts and hence tending to reduce the output voltage. The 
output voltage may be varied by means of Ri. Because of the 
voltage-dividing action of this resistance, only a portion of 
the output voltage change is applied to the grid of Ti. Addi- 
tion of the condenser C increases the fraction of the voltage 
change impressed upon the grid of Ti when the change occurs 
rapidly. This condenser thus increases the filtering action of 
the circuit, but may lead to undesirable transient oscillations 
of the output voltage because the initial compensation as the 
result of a change of output voltage exceeds the final value ob- 
tained after the condenser voltage reaches equilibrium. For 
this reason the capacitance should not be too high. The cou- 
pling resistor Re should be large in comparison with the plate 
resistance of Ti. Rs should be chosen so as to limit the 
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Fic. 2-18. Two-stage voltage stabilizer. 


current through the glow tube to the range for which it is de- 
signed. Although the screen voltage for Ti; may be taken from 

the output side of the circuit, the variation of screen voltage 
helps to stabilize the output voltage when the screen voltage 

is taken from the input side, as shown in Fig. 2-13. Because of 
the large difference of potential between the cathodes of T, and 
T2, it is necessary to use separate heater transformers, insulat- 
ed against the high voltage. 


2-22. Current Stabilizer.- In certain circuits, notably 
in magnetron oscillators, (see Sec. 10-14), it is essential to 


500.2 
Fic, 2-14. Current regulator, 
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maintain a constant current. Figure 2-14 shows a circuit that 
accomplishes this result. The circuit makes use of the fact 
that in certain ranges of voltages and plate current the plate 
current of pentodes varies comparatively little with plate volt- 
age. Additional stabilization results from the use of a cathode 
biasing resistance, which increases the grid bias with increase 
of plate current. The circuit constants given in Fig. 2-14 are 
suitable for an input voltage ranging from 200 volts to 1200 
volts. The cathode resistor Ri; varies the current from about 5 
to 30 milliamperes. Rs must be large enough to prevent the flow 
of excessive screen current when the plate current is reduced to 
a low value by opening the plate circuit or increasing the load 
resistance to a high value. The glow tube may extinguish when 
the plate current is reduced by the load to a value below that 
normally maintained by the circuit, but this is not objection- 
able. In the vicinity of 20 milliamperes, the plate current 
varies by about 14 ma when the input voltage is varied from 300 
to 1000 volts or when the output is short-circuited. 


Chapter 3 
AMPLIFICATION 


An electrical amplifier is a device used for effective- 
ly increasing the voltage or power of a source of energy, through 
the control by the input power of a larger amount of power sup- 
plied by a local source to a load or energy-consuming element. 
All electrical amplifiers require a d-c source of energy from 
which the energy delivered to the load is derived. When a-c 
power is delivered to the load, the amplifier functions as a 
power converter and in most instances the power from the origi- 
nal a-c source is used only to control the amount of power con- 
verted, and only a small amount of energy flows from the origi- 
nal“source to the load. This is in contrast with an ordinary 
electrical device such as a transformer which may also be used 
for a voltage amplifier or to increase the power in a load by 
making the source deliver more power than it would without the 
transformer. 

The high-vacuum thermionic tube is for many purposes su- 
perior to all other known electrical devices for performing the 
task of voltage or power amplification, because of the manner in 
which the grid of the tube controls electrons in their journeys 
from the cathode to the plate without capturing any of the elec- 
trons. When the grid is always negative with respect to the 
cathode, the vacuum-tube amplifier can be used with almost any 
kind of a source, i.e. with sources having a very wide range of 
impedances and power outputs. A vacuum-tube amplifier may con- 
sist of as many tubes arranged in cascade as it is practical to 
use, being limited by electrostatic and electromagnetic cou- 
pling between the final output and the input, and by the fact 
that the flow of electrons in both evacuated space and solid 
conductors fluctuates somewhat and thereby generate minute pul- 
sating voltages* which may be of the same order of magnitude as 
the voltage to be amplified. There are also other things, such 
as mechanical vibration, that limit the amount of amplification 
obtainable by the use of vacuum tubes. These limits on amplifi- 
cation are being reduced as new methods for overcoming some of 
the troubles are gradually developed. 


3-1. Amplifier Classifications.- Vacuum-tube amplifiers 
may be classified in the following several different ways: mode 


1. In some cases of the order of a microvolt. 
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of operation, commercial application, and output power. 

One classification relates the mode of operation of the 
tube with respect to its d-c and a-c grid and plate voltages and 
currents. Under this classification are Class A, Class AB, 
Class B and Class C amplifiers. 

A Class A amplifier operates with such d-c grid and 
plate potentials and such a-c input, or grid, voltage that tne 
a-c plate current flows for the full cycle of the input voltage 
and has substantially the same wave shape as that of the input 
voltage for any kind of an output impedance. Ordinarily the 
grid of a Class A amplifier is not driven positive with respect 
to the cathode. Figure 3-1 illustrates the operation of a Class 
A amplifier with respect to the I, - E, characteristics of the 
tube and the nature of the resulting a-c plate current. 


Fic. 3-1. Mode of operation of a Class A amplifier. 
Z, is the output impedance or load impedance. 


A Class AB amplifier operates with such d-c grid and 
plate potentials and such a-c input voltage that the a-c plate 
current flows for appreciably more than half but less than the 
entire cycle of the input voltage. The grid of a Class AB am- 
plifier may be driven positive with respect to the cathode. 
Class AB, means that the grid is not driven positive whereas in 
the ABs type the grid is driven positive. Figure 3-2 illus- 
trates the operation of the Class AB amplifier with respect to 
the Ip - E, characteristics of the tube and the nature of the 
plate current of a single tube. The plate current is badly dis- 
torted but by the use of two tubes in a push-pull circuit (which 
will be treated later), the output current of the system will 
have nearly the same wave shape as the input voltage. 

A Class B amplifier operates with d-c grid potential 
substantially at plate current cutoff for the operating value 
of d-c plate potential. Approximately, plate current flows only 
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Fic. 3-2. Mode of operation of a Class AB amplifier tube. 


during the positive half of the input cycles. When the output 
impedance has no marked selective properties it requires two 
tubes in a push-pull arrangement with a simple transformer to 
produce an output current that is substantially like the input 
voltage. When the output impedance has selective properties 
(for example, when it is a parallel resonant circuit) the out- 
put current may have nearly the same wave shape as the input 
voltage ‘with but a single tube. Figure 3-3 illustrates the op- 
eration of the Class B amplifier with respect to its Ip - Ec 


Fic. 3-3. Mode of operation of a Class B amplifier. 


characteristics, and the nature of the plate current. The grid 
of a Class B amplifier is usually driven positive with respect 
to the cathode. 

A Class C amplifier operates with d-c grid potential 
greater than plate current cutoff for the d-c operating plate 
potential. Plate current flows for less than one-half of the 
a-c input cycle. Because of the nature of the plate current it 


AMPLIFICATION (9 


is necessary to use a selective circuit for the output impedance 
of this type of amplifier to get nearly distortionless power 
output. This type of amplifier is used only when the a-c input 
voltage is constant. Figure 3-4 illustrates the mode of opera- 
tion of the Class C amplifier with respect to the Ip - Ee char- 
acteristics of the tube. The grid of a Class C amplifier is 


Fic. 3-4. Mode of operation of a Class C amplifier. 


generally driven positive with respect to the cathode. 

The second classification of amplifiers refers to their 
application as audio-frequency, video-frequency, radio-frequency 
or direct-current amplifiers. An audio-frequency amplifier is a 
Wide-band or non-selective amplifier used for amplifying in the 
audio or low region of the frequency spectrum. In general the 
amplification does not change rapidly for frequencies below and 
above the range of interest. A video-frequency amplifier is a 
very wide band amplifier used, generally, for amplifying tele- 
vision signals. For this purpose the gain of the amplifier must 
be substantially constant from very low frequencies up to a 
value of a few megacycles or more. A radio-frequency amplifier 
is usually a narrow-band tuned, or selective, amplifier used in 
the radio-frequency spectrum. The frequency range over which 
the amplification or power output is substantially constant for 
a constant-voltage input is only a small percentage of the mid- 
operating frequency. A direct-current amplifier is a type of 
amplifier used for amplifying direct currents or voltages, usu- 
ally containing frequencies not in excess of a few cycles per 
second, i.e. so low that it is necessary to design the amplifier 
to respond to zero frequency also. 

A third classification of amplifiers refers to their 
output power. When a tube is used for the purpose of converting 
d-c power from the d-c source in the plate circuit into a-c pow- 
er at a reasonable efficiency, it is classed as a power amplifier. 
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If on the other hand, a tube is used to increase the voltage 
from the input to the output, and the power converted and effi- 
ciency are of no consideration, it is classed as a voltage am- 
plirier: There is no sharp distinction between a power ampli- 
fier and a voltage amplifier. A multi-stage amplifier may con- 
tain both voltage and power amplifier stages. Usually the in- 
put stages of a general amplifier increase the voltage from a 
source to an amount necessary to drive the tube furnishing power 
to the utilization device. There are also certain applications 
of amplifiers where current amplification is desirable. An ex- 
ample of this is an amplifier employed between a photo tube and 
a relay. The individual stages of the amplifier may be voltage 
amplifiers but the final tube is used to produce current in the 
relay. 


PART |. AUDIO-FREQUENCY VOLTAGE AMPLIFIERS 


3-2. Single Tube Class A Amplifier.- The circuit dia- 
gram for a single tube Class A amplifier is shown in Fig. 3-5. 
The expression for the voltage amplification is 


i ee (501 
Baty ioe Ep yao 
where Ei is the symbol for the complex alternating input voltage 
(cathode to grid), and Eo that of the output voltage. This ex- 
pression also applies to a pentode tube when the screen and sup- 
pressor are operated at zero a-c potential with respect to the 
cathode. 
When Zo is a pure resistance Ro the expression becomes 


oy Cae PRs Saye Bie ii 
SET same (3-39 


Ro 
The negative sign indicates a 180° phase displacement between 


Bs i : Fic. 3-6. Voltage amplification Z,/r 
Fia. 3-5. Simple Class A amplifier. forint Olaxe Mecteolinee o/ Tp 
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the output voltage Eo and the input voltage E;. The relation 
between A and Ro/rp is shown by the curve labelled Ro in Fig. 
3-6. This curve shows that Ro/Pp must be several times greater 
than unity in order that the voltage amplification approach the 
amplification factor of the tube. Such a relationship is gen- 
erally achieved in ordinary practice only when the tube has a 
plate resistance less than 50,000 ohms because of the high d-c 
voltage required in the plate source to make up for the po- 
tential drop across Ro. Small pentode amplifier tubes are usu- 
ally operated with a resistance Ro that is only a fraction of Lp. 
This makes Ro/?p less than unity and in this range the voltage 
amplification is almost directly proportional to Ro. Hence for 
& pentode Class A amplifier when rp/Ro>>1 


jdisined Alas esate 
Sema RRO ace. (3-3) 


When the output impedance Zo is a highly inductive reactance 
such that Xo>> Ro the expression for A becomes 


Li) Wek abet a US LLNS ah v 
ee + Ro + jwLo (3 ) 


V(rp SRG td Ocho be + ar +1 
WLlo 


For this case the relation between the voltage amplification and 
the ratio of who to rp + Ro is given by the curve labelled Xo 

of Fig. 3-6. For the pure resistance case the voltage amplifica- 
tion is independent of frequency for all frequencies for which 
the output impedance is substantially a pure resistance. For 

the highly inductive reactance case the voltage amplification 
depends upon frequency, but becomes substantially independent of 
frequency when 


‘Who 
There is a phase shift 9 from 180° which also depends upon fre- 
quency. The phase shift 6 is given by the approximate expres- 


sion 


ocenttenc he (3-5a) 


and leads the 180° displacement. For many applications of the 
amplifier this change of phase shift with frequency is more 
serious than the change in voltage amplification. 

When the output impedance is made up of a resistance Ro 
and capacitance Co in parallel the voltage amplification be- 
comes 
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where~ Egp = ae Zp eee and Go = Rai The phase 
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For this case @ lags the 180° phase displacement between Eo and 
Ey. When either the frequency or capacitance is increased the 
phase shift is increased and the voltage amplification decreased. 

More complex impedances than these simple cases will be 
treated as they arise in connection with the various types of 
amplifiers. However it is well for the student to have these 
simple cases in mind because they appear later when treating 
multi-stage amplifiers. 

Effects of Interelectrode Capacitances on Voltage Ampli- 
fication. The interelectrode capacitances of a triode are in- 
dicated in Fig. 3-7. For a pentode Class A amplifier the plate 
to cathode capacitance includes the 
direct plate to cathode capacitance 
plus the plate to suppressor capaci- 
tance plus the plate to screen ca- 
pacitance. These three capacitances 
are generally lumped together and 
are called output capacitance. Ina 
similar manner the capacitance be- 
tween grid and cathode comprises the 
direct grid to cathode capacitance 

Fic. 8-7. Interelectrode capaci: Plus the grid to screen capacitance. 
tances of a triode (Cgx, Cox, Cgp). For either type of tube and 
a@ general impedance Zo = 1/Yo in the 
output circuit the voltage amplifi- 
cation is given by the expression 


jwC - 

A ee -8 
where Go + jBo is the output or load admittance Yo, equal to 
1/Zo. For most all applications of Class A amplifiers the quan- 
tity jwCgy in the numerator of expression 3-8 can be neglected. 


2. According to I.R.E. standards either of the symbols gm and gp may be used 
to designate L/rp (mutual conductance or grid-plate transconductance); gm 
was used in Ch. 2. 
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Hence the main effect of the interelectrode capacitances on 
voltage amplification is due to the manner in which these ca- 
pacitances modify the output impedance of the amplifier. 


3-3. The Input Admittance of a Class A Amplifier.- When 
the grid of a high vacuum tube is operated with sufficient nega- 
tive bias to prevent the grid from becoming positive with re- 
spect to the cathode under dynamic operation the grid conduct- 
ance> Sg is very small and may be ignored for most practical ap- 
plications. However, due to the interelectrode capacitances, 
first the grid circuit requires some charging current, and sec- 
ond, the grid to plate capacitance provides coupling between 
the plate circuit, with its higher energy level, and the input 
circuit. The latter effect may become most troublesome as will 
be seen by the following analysis. 

Referring to Fig. 3-7 it is seen that the input admit- 
tance of a triode consists of two parallel paths. Path one is 
the capacitance Cgk between grid and cathode. Path two is the 
capacitance between grid and plate Cgp in series with the out- 
put admittance. Through path two the input voltage and output 
voltage operate in series vectorially to produce a current. The 
current Ia through path two is Is = (Eg - Ep) jwCgp. But 
Ep = A Eg. Hence Is = (Eg - A Eg) jwlgp = Eg (1 - A) jwC,gp. 
Consequently the total input Binaeie is Ii= Eg [jwCgr 


I ; 
+ jwlgp (1 ~ A)] and the input admittance is Y; = Ee JW gr 
& 


+ jwCgp (1 - A). The voltage amplification A can Be expressed 
in the formA=A fp or A’= A [eosig + -j*sin 9 )}.)\ Substituting 
this form for A in the above expression for Y; there results 


jwCge + jwCgy (1 - A cos » - jA sin 9) (3-9) 
= wCgp A sin g + jlwlg, + w0g, (1 - A cos g)] 


Y4 


where o is the phase displacement between the a-c grid and plate 
voltage. 

When the output impedance of the amplifier is a pure re- 
sistance of a value that is considerably smaller than that of 
the interelectrode (capacitive) reactance, » is 180° and the in- 
put admittance becomes a capacitive susceptance equal in value 
to * 


OCpe ct ole, (Lit A). 


3. Grid conductance is the ratio of the in-phase component of the grid al- 
ternating current (sine-wave) to the grid alternating voltage, all other 
electrode voltages being maintained constant. Effective grid conductance 
may become important at high frequencies, see Sec. 10-1. 
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For triode amplifiers where A is generally several times great- 
er than unity and Cgp and Cg, are about equal to each other, 

the input admittance is due largely to the grid to plate ca- 
pacitance Cgp. For pentode amplifiers where Cgp is less than 
0.5 per cent of Cg, and practical voltage amplifications are 
rarely greater than 100, the input admittance is due largely to 
the grid to cathode capacitance Cgy. Hence the input admittance 
of a pentode amplifier is much smaller than that of a corre- 
sponding triode. Consequently when the source has a compara- 
tively high impedance a pentode amplifier should be used because 
the voltage delivered to the grid of the tube will be higher and 
will change less with frequency. 

The phase displacement angle » of an amplifier is great- 
er than 180° and less than O70? when the output impedance is in- 
ductive. Sin» is then negative. The term WCgp A sin o in eq. 
(3-9) is negative. Hence with an inductive output impedance, 
the input admittance is a negative conductance plus a positive 
susceptance. This fact means that some of the output power is 
fed back into the input circuit in such a phase relation that 
there is a component of input current 180° out of phase with the 
input voltage. This occurrence is often troublesome when a 
triode is used at high frequencies with a tuned circuit in the 
output; because, for frequencies for which the output circuit 
is inductive the input conductance is negative. A negative in- 
put conductance may cause oscillation or regeneration and thus 
render the amplifier useless. For pentode tubes the quantity 
WCep A sin g is usually so small that, if proper care is taken to 
shield the input circuit from the output, appreciable regenera- 
tion or oscillation will occur only at quite high frequencies. 
The negative input conductance of an amplifier can be overcome 
by the expedient which is known as the neutralization of the 
effect of the grid to plate capacitance. Neutralization is ac- 
complished in one method by obtaining a voltage in the output 
circuit that is 180° out of phase with the plate to cathode po- 
tential and impressing this voltage on the grid of the tube 
through a condenser about equal in value to Cgp; thereby a cur- 
rent is impressed in the input circuit in phase with the input 
voltage. When the current so produced is just equal to that 
caused by the grid to plate capacitance Cgp of the tube the 
neutralization is complete. More details about neutralization 
will be given in the section on tuned power amplifiers. 


3-4, Distortion in Amplifiers.- For most of the appli- 
cations of a vacuum tube amplifier the input voltage to the grid 
of the tube is not a simple sine function, but is generally made — 
up of several harmonic functions. For a complex voltage of this | 
kind to be amplified without distortion the amplifier must be 
free from amplitude, frequency and phase distortion. All three 
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of these distortions are present to some extent in vacuum tube 
amplifiers but can be reduced to a satisfactory degree by care- 
ful design and certain expedients which will be discussed in 
later sections. 

Amplitude distortion exists when the output voltage of 
an amplifier is not directly proportional to the input voltage 
over the complete range of the input voltage. Non-linearity be- 
tween output and input voltages is caused by the fact that the 
tube factors yw and rp, particularly rp, are not constant over 
the range of operation. These two factors were treated as con- 
stants in the discussion of Sec. 3-2 for the purpose of arriv- 
ing at the approximate relation between output and input volt- 
ages. When amplitude distortion is present the output voltage 
contains harmonic voltages not present in the input voltage. 
Hence the output wave form is not an exact replica of the input 
wave form. This kind of distortion depends largely upon the na- 
ture of the various volt-ampere characteristics of the tube in 
the region over which the input and output voltages range and 
can be reduced by limiting the range of the two voltages to a 
region in which there is nearly linearity. 

Frequency distortion exists when all frequencies of an 
input voltage are not amplified at the same rate. An amplifier 
with reactance in the output circuit gives very bad frequency 
distortion when the output impedance is not large compared to 
the plate resistance. This is illustrated by expression (3-5). 
An amplifier. with a tuned circuit in the output gives the worst 
kind of frequency distortion. Such amplifiers are used purpose- 
ly when it is desired to amplify only a very small band of fre- 
quencies. 

Phase distortion in an amplifier exists when the rela- 
tive phases of the various frequency components in a complex in- 
put voltage are not preserved in the output voltage. Phase and 
frequency distortion in the plate voltage of an amplifier gen- 
erally exist together, i.e. when an amplifier has frequency dis- 
tortion it also has phase distortion and vice versa. Phase dis- 
tortion usually causes no reduction in quality when the ampli- 
fier is used in sound work* but it is sometimes troublesome in 
this field when an attempt is made to reduce frequency distor- 
tion by means of negative feed-back. For television amplifiers, 
commonly known as video amplifiers, phase distortion is a trou- 
blesome thing and much emphasis is placed on methods that will 
reduce it. Phase distortion is also undesirable in amplifiers 
used with cathode ray oscilloscopes. 


3-5. Classification of Audio-Frequency Voltage Ampli- 
fiers.- An audio-frequency voltage amplifier is an amplifier, 


4. Because the ear does not distinguish moderate changes in relative phase. 


86 ULTRA -HIGH-FREQUENCY TECHNIQUES 


generally multi-stage, that is used for amplifying in the fre- 
quency spectrum from a few cycles per second up to about 20,000 
cycles per second. There are four main types of audio-frequency 
voltage amplifiers. These types refer to the manner in which 
tubes in a cascade arrangement are coupled, each to its succeed- 
ing tube. These types are: 

1. Impedance-capacitance Coupled (illustrated by Fig. 3-8). 
The purpose of the coupling capacitance Ca is to provide an a~c . 


Fic. 3-8. Impedance-capacitance-coupled amplifier. 


circuit from the plate of the tube to the grid of the next tube 
but to keep the d-c plate potential off that grid. The nature 
of the two impedances Zp and Zg is usually limited in practice 
to two types, namely, pure resistances and highly inductive re- 
actances. This gives two sub-types of coupling, namely, 
a3. resistance-capacitance coupling, illustrated by Fig. 
2u10;3 
b. inductance-capacitance coupling illustrated by Fig. 
3-14. 
2. Transformer-coupled Amplifiers. This type is illus- 
trated by Fig. 3-9. The a-c plate voltage of the input tube is 


S} Egi 
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Fic. 3-9. Transformer-coupled amplifier. 
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transformed to the grid of the output tube and the d-c circuit 
is broken by using two windings insulated from each other. Some 
step-up in a-c voltage can usually be obtained by transformer 
action. 

3. Direct Coupling. There are several types of direct- 
coupled amplifiers, some of which will be discussed later. [In 
all direct-coupled types the main purposes are either to ampli- 
fy changes in d-c potential or to amplify very low frequencies 
without amplitude and phase distortion. The abbreviation "d-c 
amplifier" should be read "direct-coupled amplifier" rather than 
direct-current, since many d-c amplifiers transmit low but not 
zero frequency. 

The general requirements of an audio-frequency voltage 
amplifier are: 


a. The voltage amplification must remain within certain 
specified limits between the lowest and highest frequency. 

b. The amount of voltage amplification must be suffi- 
cient to "raise the source voltage" to the value necessary 
to drive the load or the power amplifier, respectively. 

ec. The distortion introduced by the tubes must be with- 
in a specified amount usually expressed in per cent ot the 
maximum output voltage. 

d. The phase shift must stay within certain limits. 

e. The change in gain with changes in d-c operating 
voltages and changes in filament voltage must be limited. 

f. The noise and hum voltages in the output introduced 
by the tubes and d-c power supply must be limited to a cer- 
tain percentage of the maximum signal voltage. 

g.- Mechanical vibration of the tubes must not produce 
an output disturbance voltage that is greater than a certain 
per cent of the signal voltage. 


3-6. The Resistance-Capacitance-Coupled Amplifier.- 
The resistance-capacitance-coupled amplifier is illustrated in 
Fig. 3-10. The resistance R, is the main coupling resistor and 


a cS 


Fic. 3-10. Resistance-capacitance-coupled amplifier. 
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the voltage developed across this resistor is the plate voltage 
of the tube. This resistor affects the d-c voltage and the d-c 
supply voltage must be raised to make up for the drop in Re. 
The coupling condenser C,. keeps the d-c plate potential of the 
input tube off the grid of the output tube. The resistor Rgo 
is necessary to bring the grid to a constant d-c potential. Rgo 
is usually of the order of 0.5 to 2 megohms for small tubes and 
should generally be as high as is practical. The properties of 
this type of coupling are constant amplification over a large 
range of medium frequencies, but at the low frequencies the 
amplification falls off because of a drop in potential in the 
coupling condenser Ce. and at 
the high frequencies it falls 
because of the interelectrode 
capacitance of the tube which 
imposes a small capacitance in 
shunt with the resistors Rez 
and Rgo. Figure 3-11 20 0ua. 
fu—f trates a typical curve of am- 
plification versus frequency 
for this type of amplifier. 


Medium Freq. Range 


Fic. 3-11. Typical gain vs frequency 
characteristics of a resistance-capac- By the (voltage) amplification 
itance-coupled amplifier. is meant the ratio of the grid 


voltage Eg, of the output tube 

to the grid voltage Eg; of the 
input tube, i.e. Ego/Egi- This ratio will also be referred to 
as the gain of the stage. The gain of the stage in decibels” is 
20 logio Ego/Egi: 

For purposes of simplification it is convenient tovana= 
lyze an audio-frequency voltage amplifier by dividing the analy- 
sis into three parts, namely, medium frequency, low frequency 
and high frequency. This is justified because amplifiers for 
the complete audio-frequency spectrum are so constituted that 
the gain is substantially constant through the medium frequency 
range and some departure from an ideal characteristic occurs at 
the high and low frequencies when there is a compromise between 
the amount of gain and the manner in which the gain varies with 
the frequency. 

The Medium-frequency Gain. In the medium-frequency 
range, the gain of a stage of a resistance-capacitance coupled 
amplifier is determined almost entirely by the constants of the 
input tube and the sizes of resistors Rg and Rgo (Fig. 3-10). 
The voltage drop through the coupling condenser Ce. is negligible 


5. Rigorously, a decibel is a unit for the measure of power ratio, and only 
when Bao/Eet = Po/Ps is the expression correctly expressed in db, but com- 
mon practice disregards this distinction. 


AMPLIFICATION 89 


and the shunting effect of the tube capacitances is negligible. 
Hence in the medium frequency range the load impedance of the 
input tube becomes the two resistors Re and Rg in parallel and 
the a-c voltage on the grid of the output tube is the same as 
the plate voltage of the input tube. The voltage gain of the 
stage is (subscript i refers to input tube) 


E L. 
xs ce =80 _ _-biRe where Ry = _ReRgo (3-10) 


A - = 


This expression may also be written in the form 


E mS 
Nie] Pree? eran are graye (3-11) 


Bei Epi t+ Go + Ggo 


iL 
where gyi = Go = Ro’ Geo = 1/Rgo and ggpi is the grid- 


re ie 
plate Pee soonductanée of the input tube. The phase displace- 
ment is 180°. 

The Low-frequency Gain.° As the frequency is decreased 
the gain starts dropping from the value given by expression 
(3-11) when the reactance of the coupling condenser becomes 
equal to about 0.4 of the resistance Rgo- Also the load im- 
pedance of the input tube starts rising. Hence these two ef- 
fects change the gain of the stage. The first effect decreases 
the gain and the second effect slightly raises the gain. The 
first effect is the larger. The net effect is given by the ex- 


pression 
E A 2%! ( epi) 
A, = oe ee ahere Ge = ° Go Csi) 


aa Egi si roe Ge e Ggo + Go + Spi 
wC 
Cc 
The absolute value of Ay, is 
oe EN eet 
AL = a (3-13) 
we )2 
dae 5 ) 
WCo 
Expression (3-12) indicates a phase shift from the phase dis- 
placement of 180° at medium frequencies. This phase shift ®, is 


6, = tan™* Aaa (3-14) 
c 


@; leads the 180° phase displacement. The reduction in gain in 
decibels from the medium frequency gain is 


Dby, = 20 logio 7. (3-15) 


Figure 3-12 shows how the reduction in gain in decibels and the 


6. See Sec. 1-14. 
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Fic. 3-12. Reduction in gain and phase shift vs 
“ or a in a resistance-capacitance-coupled 


amplifier. 


phase shift depend upon Ge/wCg. 

The High-frequency Gain. In the high-frequency range of 
the amplifier the interelectrode capacitance susceptances, and 
these include effects of wiring and sockets, impose an admit- 
tance Ye across the two coupling resistors given by the expres- 
sion 


Ye = jw[Cgpi + Coki + Ceko + Ceno (1 - Ao)] (3-16) 


where the subscript i refers to the input tube and o to the out- 
put tube. To a first approximation this admittance is a ca- 
pacitance susceptance equal to 


jwCe = Jol Cen: + Cori. + Coto +. Cano (1 + Aad] (Soda 
Hence the output admittance for the input tube is approximately 
Goi + Ggo + jwle (3-18) 
where Ce = Cpgi + Coki + Cgko + Cgpo (1 + Ao). 
The voltage amplification of the stage is 


— ——— — =G =1 
a8 TR sO, HO Ggn HBR REIS (5-19) 


In terms of the medium frequency gain the high frequency gain 


becomes 
Am 
An = ~~ "ade (32208 
Lo -Awg : 
Ge 
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where Gg = Ge + Ggo + Spi, and 


ee ee 
Api ae (3-21) 
Mn Armee) © 
Ge 
The reduction in gain in decibels from the medium frequency gain 
is 


Dbm = 20 log 10 re (3-22) 
The phase shift is OH = tan, ae 
e€ 


69 lags the 180° phase displacement. Figure 3-12 shows how the 
reduction in gain in decibels and the phase shift depend upon 
w0./Gh. 

General Considerations. From the relation just devel- 
oped it is seen that high gain at the medium frequencies can be 
achieved only by using a tube with a high transconductance and 
a high plate resistance. Re, and Rgo are then made as high as 
practical. R, is limited by amount of d-c voltage drop that it 
is economical to provide in the d-c plate supply and Rgo is 
limited by the gas and other conditions that exist in the out- 
put tube. The reduction in gain at the low frequencies depends 
largely upon the size of C, and Rgo when Rgo $ 0.2(Gy + gp;i)-. 
Increasing either or both of these quantities improves the low 
frequency gain. However, there is a practical limit to the 
product of C, Rgo- This practical limit depends largely upon 
the amount of gas in the output tube, which causes some non- 
linear negative grid current and thereby causes C, to be charged 
positively to destroy some of the negative bias on the output 
tube when a sudden impulse occurs. Also unless C, is a good 
condenser, such as one with mica dielectric, there will be some 
leakage of current from the d-c source in the plate circuit 
which will also put a positive potential across Rgo that will 
increase either with an increase of C, or of Rgo. Practical 
limits for Rgo for small tubes are from 0.5 to 2 megohms, ex- 
cept for special tubes where higher values of Rgo may be used. 
A practical limit of C_ Rgo for a general purpose audio-ampli- 
-fier is approximately 0.05. Consequently there is a practical 
limit to the lowest frequency at which a resistance-capacitance- 
coupled amplifier will provide a specified gain (in decibels 
from the medium-frequency gain). This limit does not depend 
much on the value of the gain at the mid-frequency. To achieve 
low phase displacement at the low frequencies is more difficult 
than to satisfy the gain requirements. 

Low reduction in gain (in decibels) at the high fre- 
quencies and high gain at medium frequencies are incompatible 
for a given set of tubes. The medium-frequency gain can be 
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made high and the reduction in decibels at the high frequencies 
can be kept low only by the choice of an input tube that has | 
high values of transconductance and plate resistance and an out- | 
put tube that has a small interelectrode capacitance. For this 
reason pentodes will give better gain versus frequency charac- 
teristics than will triodes, i.e. higher gain for a given decibel 
reduction at some specified high frequency. 
Low-frequency Compensation. Both the gain versus fre- 
quency characteristics and the phase shift of a resistance-ca- 
pacitance-coupled amplifier can be improved in the low-frequency 
range by placing an additional resistance in series with the 
coupling resistance and shunting this resistance with a con- 
denser, as shown in Fig. 3-13. The analysis of this circuit be- 
comes somewhat involved but is simplified greatly by the use of 
certain approximations. First assume that Rg is large compared 


Fic. 3-13. Resistance-capacitance-coupled 
amplifier with low-frequency compensa- 
tion. 


to L/uCs. This assumption is justified from practice. Next as- 
sume that Rgo is large compared to Re so that the only apprecia- 
ble effect of the C. and Rgo circuit is to cause a potential 
drop and phase shift from the plate of the input to the grid of 
the output tube. With these assumptions the gain of the stage 
at the low frequencies becomes 


Bao. gy 2 u[R'> + og) Hes | | eo 
oy ReoRi (apie RO) + eta a ene Fa ) 
where R' = Rg eee 
When R'<<rpi, as for a pentode, 
“URN od ag JedRae a (3-24) 


AL, = 


1 R R! 
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The approximate expression for the phase shift is 


-~-1 RgowCe - R 'wC 


RgoR'w=CgCg + 1 (3-25) 


op.= tan 

If it were not necessary to pass d-c in the plate cir- 
cuit Rg could be made infinite and then the gain would be con- 
stant with frequency and equal to the medium frequency gain, 
i.e. AL = SgpiRe when the phase shift is completely compensated 
by making Rg\C. = R.Cg-. This statement is true only when Rgo 
is several times Rg. 

When Cg is infinite, the gain and the phase shift vary 
with the frequency in the usual manner. With C, finite and of 
such a value as to satisfy the simplifying assumptions, the 
phase shift is reduced and can be made almost zero by making 

1 uf 
we, *B° = ceo or approximately C,>Rgo = CgR, because, since 


i At al 
ee 
Roy moRe meno Rs no Raoc.> wCs then WC, Re < Re: However, as 


the frequency is decreased the simplifying assumption breaks 
down and there will be a phase shift. Also, a close examination 
of expression (3-24) will show that the gain is greater when the 
circuit is compensated and will be equal to or a little greater 
than the gain at the medium frequencies when phase compensation 
is made nearly complete. Expression (3-24) for the low frequen- 
cy gain of an amplifier gives a fairly accurate analysis only 
when the grid of the input tube has a fixed bias. When self- 
bias resistor with a by-pass condenser is used there is some 
cathode-circuit feed-back effect which reduces the low-frequency 
gain and shifts the phase in the same direction as that of the 
shift caused by the coupling condenser C,. This is shown in 
Sec. 3-13 where the effect of a self-bias impedance is analyzed. 
Consequently the design of a low-frequency compensating circuit © 
should take into consideration the effect of the self-bias im- 
pedance, which is composed of a resistance and capacitance in 
parallel. 

The medium frequency gain is approximately 


= a R - 
Am = Sea +Re (3-26) 


when Rgo E 10 Re. 


3-7. The Inductance-Capacitance-Coupled Amplifier.- 
Two types of inductance-capacitance-coupled amplifiers are il- 
lustrated in Fig. 3-14. In these amplifiers there is very lit- 
tle d-c voltage drop in the plate circuit and so the d-c plate 
voltage is nearly equal to the supply voltage. The low-fre- 
quency gain and phase shift versus frequency of type (a) are 
-worse than for a corresponding resistance-capacitance-coupled 
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Type (a) 


Fic. 3-14. Inductance-capacitance-coupled amplifiers. (a) Single inductance; 
(b) Double inductance. 


amplifier. The impedance of Le. drops with decreasing frequency, 
and both the gain and the phase shift from grid to plate cir- 
cuits of the input tube are impaired. In addition, there is a 
drop in voltage and in phase shift from the plate of the input 
tube to the grid of the output tube caused by the coupling con- 
denser C,. The phase shift caused by this coupling condenser C, 
and the inductance Le are in the same direction. Hence the gain 
and phase shift versus frequency characteristics are poorer than 
they are for a corresponding resistance-capacitance-coupled am- 
plifier. 

The medium-frequency gain of this type of amplifier can 
be made higher than that of a corresponding resistance-capaci- 
tance-coupled amplifier, because the impedance to the input tube 
is due only to Rgo plus an almost equally high resistance in 
parallel that arises from the core loss in the iron core. When 
Rgo is adjusted to give the same medium-frequency gain as that 
obtained from resistance-capacitance coupling, with the same 
tubes, the high-frequency gain and phase shift characteristics 
of the two types of amplifiers would be the same because the de- 
parture from the medium-frequency gain is due to the same 
causes; i.e., the tube capacitances place a capacitance in 
shunt with the coupling impedances. To have reasonably good 
characteristics at the low frequencies would require a grid re- 
sistor lower than that used in the corresponding resistance- 
capacitance-coupled amplifier and would therefore necessitate a 
larger coupling condenser. 

The approximate expression for the low-frequency gain 
and phase shift are 


Am 


Al, = : +( a LR ) | A. ‘ 1 | (3-27) 
pe PE aE ae 
Ppi aE R go WoL c Rgo Ppi W Co 
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6, = tan7> —— = (3-278) 
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The medium-frequency gain is 


eet OE 14 a 2 igo! -28 


The high-frequency gain is 


Ais “s (3-29) 
i fi i Gs) 


where Ge = pi + Ggo plus the core loss conductance of Le, and 
C. is the same as that given under 3-18 for the resistance-ca- 
pacitance-coupled amplifier. 

Double Inductance Type. he double inductance type of 
Fig. 3-14 has characteristics similar to those of the single in- 
ductance type at the medium and high frequencies except that the 
gain depends upon the core loss equivalent resistances of the 
two inductances in parallel. For the low frequencies the gain 
is given by the expression 

A =! (3-30) 
eee re f 2 
wus * (2 = =) 
Wrlgo 


where fy = : and Qe = 
en bgate Mie leas § Rgo 


when whe is several times Rgo and at least three times Ppt. cne 
curves of Fig. 3-15 show how the gain in decibels and the phase 


Gain frequency aiabasieritied Phase snift ise caotertation. Lead from 180° 
Fic. 3-15. Low-frequency characteristics of » double inductance-capacitance- 


coupled amplifier, Qu ee. 
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shift depart from the medium-frequency characteristics for vari- 
ous values of Qe. There is gain compensation at the low fre- 
quencies but the phase shift is rather bad for some purposes. 


3-8. Transformer Coupling.- Transformer coupling is il- 


lustrated in Fig. 3-9. The equivalent circuit of the input 
stage of the amplifier is shown in Fig. 3-16. This circuit is 


Iz —> 


ine 
2 


Fic. 3-16. Total equivalent circuit of a transformer-coupled amplifier. 


reasonably accurate for those transformers in which the mutual 
capacitance between the primary and secondary windings can be 
represented by a single condenser Cm. In the equivalent circuit 
the symbols have the following significance. 


-HEgi is the equivalent voltage generated in the input 

tube. 

r is the plate resistance of the input tube. 

Rp is the resistance of the primary winding. 

R, is the equivalent. resistance of the core losses. 

Ly» is the magnetizing inductance. It is the in- 
ductance at low frequencies of the primary with 
the secondary open. 

Cp is the distributed capacitance of the primary 
winding plus the output capacitance of the input 
tube. 

Lp is the leakage inductance of the primary winding. 
This inductance is due to the flux, caused by the 
load current, which links the primary and does 
not link the secondary. 

Lg is the leakage inductance of the secondary wind- 
ing. This inductance is due to the flux, caused 
by the load current, which links with secondary 
and does not link with the primary. 

Cg is the distributed capacitance of the secondary. 

Cr is the input capacitance of the output tube. 
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Cm is the mutual capacitance between the windings. 

Ili and Le are fictitious inductances that transfer 
the load current and voltage. The reactances of 
Ili and Le are always very high compared to all 
other reactances and resistances in the circuit. 
The coupling between Li and Le is perfect and 
there are no losses. 

N is the ratio of transformation and is equal to 
La / lee “Nis substantially equal to the primary 
turns divided by the secondary turns. WN may be 
either positivei or negative. N is positive if, 
When the +B and -C terminals of the transformer 
are joined, a current flowing from the P terminal 
to the G terminal produces fields by the primary 
and secondary that are in the same direction in 
the core. 


In the analysis for this type of amplifier leakage in- 
ductances for the primary and secondary and the fictitious in- 
ductances L, and Le are used instead of mutual inductance, or 
coupling coefficient. The reason for this is that the coupling 
coefficient for a good transformer is 0.95 or better. When the 
coupling coefficient between two coils is so near unity it is 
difficult to measure it accurately except by measuring leakage 
inductance. - The total leakage inductance referred to the pri- 
mary winding is Lp + Nalign It is easily measured with good ac- . 
curacy by shorting the secondary and measuring the primary with 
an impedance bridge. The inductance so measured is substantial- 
ly equal to the total leakage inductance referred to the primary. 
Also with the leakage inductance concept it is easy to see that 
for the high frequencies there is a series resonant circ’ 
formed by the leakage inductances and the capacitances of the 
transformer plus the input capacitance of the output tube. 

The derivation of the voltage gain of the transformer- 
coupled stage is carried out by dividing the range of frequen- 
cies for which the transformer is intended into the medium fre- 
quencies, the low frequencies and the high frequencies. The 
equivalent circuits for each of these frequency bands are shown 
in Fig. 3-17. For the medium frequencies the leakage inductive 
reactances are so small and the capacitance reactance is so 
high that they have practically no effect upon the performance 
of the transformer. The magnetizing reactance Lm is so high 
that the voltage gain is substantially 


E Py R 
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For a transformer with a good grade of core material, since the 
flux density is very low, Ro >>(Rp + rpi) and AM = wi/N. The 
phase shift is zero. 
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(a) Medium frequency (b) Low frequency (c) High frequency 


Fic. 3-17. Equivalent circuits of a transformer for medium, low, and high 
frequencies. 


For the low frequencies the effects of the capacitance 
and leakage inductances are negligible. The low-frequency gain 


is 
Am 


seamed AE SN ESS Ry (3-32) 


The phase shift (lead) is 


Mz i APpy + Rp) Re 
e, = tan™? pit Bp) S (3-33) 


The simplification that results when Rc >>(rpi + Rp) is 
easily seen in the expression for Ay, and ®y. The low frequency 
gain can be made to approach Am and the phase shift approach 

r oR R ; 
rel ce Raee Re This is 
one of the requirements of a good transformer. Approximatel;, 
WIlm should be at least three times (rp; + Rp) for the lowest 
frequency. The low-frequency characteristics of a transformer- 
coupled amplifier are very similar to those of a resistance- 
capacitance-coupled amplifier. The manner in which the gain 
varies can be obtained from the curve of Fig. 3-12 by using 
ue i piece on = 
WLy WCe 

For the high frequencies only the winding resistance, 
leakage inductances and capacitance of the transformer affect 
the gain characteristics. For a very close approximation to 
the true characteristics the effect of Cp in a well-designed 
transformer is very small up to the frequency at which the gain 
of the stage starts falling off rather rapidly. The effect of 
the mutual capacitance Cm, when Cm is less than 25 per cent of 
Cs + CL, is largely one of adding Cm to Cg and Cy. For these 
assumptions the high frequency gain becomes 


Ma ws N 


Salt emEERNOR STIS TIE (3-34) 
(rpi +R + 0 Rz) + (whe - Gen 


zero only by making WLm several times 
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where Lt = Lp + N*Lg and Ce = Cg + Cy + Cn. 


When Cy is more than 25 per cent of Cg, + Cy the gain is given 
prope tnetely by the above expression times the quantity 


1 + Se £y and with the resistance rpy replaced by 
€ 1a 


rpi (1 + a in which N may be either positive or negative de- 
e 


pending upon the directions of the windings. The expression for 
Aq can readily be thrown into the following forn, 


Ay 


Ay = iD 2 24 p= 1 (3-35) 
ad 
i 


and Qr = cane ed th 


REere i m Ppi + Rp + WN Rg 


The curves of Fig. 3-18 show how the gain, in decibels, departs 
from the medium-frequency gain for various values of Qr. 
The phase shift at the high frequencies is given by 


= 90° + tan™” Qr we (3-36) 


The phase shift curves are also shown in Fig. 3-18. 

If the gain of the stage is to remain substantially con- 
stant up to a frequency fy, then the transformer must have an fy 
higher than f, or a Qy = 1 when fy is equal to fy. Hence fy 


Rive 

: COCCECC a PS a 
PCCCCC er Tee CRT he 
COC ae ere ee 
| tai Bees HS AIS 
A | Lee ee tt tN Tree 2 
| Pz cee ME A, as EI 
x tts Bere De so 
Bere hy | ae Pee pistol: Peis 
“FA a 
ye 7 as ee 

fife 


Fig. 3-18. High-frequency characteristics of transformer-coupled 
amplifier. 
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should never be less than fy, for a good transformer. When phase 
shift is a consideration fy, must be quite a lot higher than fy, 
because the phase shifts badly around fy. 


3-9, Push-Pull and Phase-Inverter Amplifiers.- Voltage 
amplifiers are often operated in push-pull like the output stage 
of Fig. 3-19. The advantage of push-pull operation over single- 
ended operation is the reduction in even harmonic distortion, 


Fic. 3-19. Phase inverter type of push-pull amplifier. 


and for transformer-coupled amplifiers there is no d-c flux in 
the core when the d-c currents of the two tubes are the same. 
This makes it possible to have a higher primary impedance for 
the transformer and thereby have better gain-versus-frequency 
characteristics for the low frequencies as compared to single- 
ended operation. Filtering of the d-c plate supply can be in- 
ferior, decoupling need not be so good and, when self-bias com- 
mon to both tubes is used, not as much shunt capacitance--theo- 
retically none--is required. 

The design of resistance-capacitance-coupled amplifiers 
is very similar to that of single-ended amplifiers. For the, 
transformer-coupled type the principal difference is in the de- 
sign of the transformer and this difference is mainly for the 
high frequencies. If the advantages of push-pull operation are 
to be achieved over the complete range of frequencies, the trans- 
former must not give rise to secondary voltages that shift in 
phase and become unequal in magnitude in the high-frequency part 
of the range. Hence more care must be taken in the design of a 
push-pull transformer. This also applies to a transformer with 
single-ended primary and push-pull secondaries. 

Phase Inverters. In order to couple a single-ended 
amplifier to a push-pull amplifier, there must be developed in 
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the coupling circuit between the two amplifiers two voltages 
180° out of phase and equal in magnitude. This can be accom- 
plished by a transformer with a single-ended primary and push- 
pull secondaries. When it is desirable to have resistance-ca- 
pacitance coupling throughout the amplifier, an additional tube 
known as a phase inverter is used to develop a voltage 180° out 
of phase with the output voltage of the single-ended source or 
section of the amplifier. This is accomplished by tube B of 
Fig. 3-19. The grid voltage for tube B is obtained from the 
output voltage of tube A. The output voltage of tube A is 180° 
out of phase with its own grid voltage over most of the useful 
frequency range of the amplifier. Hence the grid voltage of 
tube B is 180° out of phase with the grid voltage of tube A. 
The grid voltage for tube B can also be derived from the plate 
coupling resistor of the upper output tube. In either case the 
resistance between the point of pickoff and neutral, or ground, 
must equal the total resistance divided by the voltage amplifi- 
cation of the tube A. 

A self-balancing type of phase inverter results when a 
resistor equal to 0.1 to 0.5 of the grid coupling resistor of 
the output tube is placed between point a and ground and the 
grid of tube B is connected to point a. When the voltage for 
the phase inverter tube is obtained in this manner the voltage 
gain for tubes A and B can be changed quite a little without 
much unbalance between the grid voltages for the two output 
tubes. 


3-10. Direct-Coupled Voltage Amplifiers.- A direct- 
coupled amplifier is one that has only resistances for coupling 
elements between the plate circuit of the input tube and the 
grid of the output tube. Figure 3-20 illustrates the simplest 


Fic. 8-20. Simplest type of direct-coupled amplifier. 


type of direct coupling. Voltage amplifiers of this class are 
characterized by their low-frequency characteristics. They 
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amplify d-c voltages, and very low-frequency voltages, without 
phase shift. Their high-frequency characteristics are no better 
than those of a resistance-capacitance-coupled amplifier because 
of the shunting effect of the interelectrode capacitances of the 
tubes. 

The amplifier of Fig. 3-20 is not very practical for 
amplifying changes in d-c applied to the grid of the input tube 
because of instability due to the batteries. A small change in 
the potential of a grid or plate circuit battery will cause 
false changes in the potential across the output resistance. 
Also because of the separate batteries required the set-up is 
quite expensive to maintain. The circuit of Fig. 3-21, which is 


~ +B 
‘iG. 3-21. Direct-coupled amplifier with a single 
d-c supply. 


known as the Loftin-White circuit and is somewhat similar to that 
of Fig. 3-20, avoids the use of more than one battery and may 

be operated from a medium-high-voltage rectifier that is well 
filtered and regulated. The current in the voltage divider must 
be considerably larger than the currents taken by the tubes, so 
that a change in the tube currents will not disturb the bias, 
plate, and screen potentials. The total d-c supply voltage is 


Ecoi + Epi + Eco + Epo + IpoPo 


where Epy and Epo are the desired d-c operating plate potentials 
of the input tube and output tube and E,; and Ego are the de- 
sired bias potentials of the two tubes. I}, is the drop in po- 
tential across the output resistor Ro. Since there is a large . 
difference of potential between the two cathodes it is good prac- 
tice to have a separate winding on the filament supply trans- 
former for each filament, and to have them well insulated from 
each other. The gain of the input stage of the amplifier for a 
change in d-c potential, Aeg;, on the grid of the input tube is 
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Aégo "Ro 


Where A4eg; is the change in the input voltage and A@ go is. the 
resulting change in voltage across the grid of the output tube. 
The response of the amplifier to an a-c voltage is independent 
of the frequency up to the higher frequencies where the inter- 
electrode capacitances of the tubes place a reactance in shunt 
with the coupling resistor comparable with the magnitude of the 
coupling resistor. Negative feed-back may be applied to the 
amplifier by placing a resistor in the cathode circuit; it will 
improve the stability. 

Another direct-coupled amplifier that has a gain nearly 
equal to the amplification factor of the tube provided it is 
used with a very high load impedance has been proposed by 
Schmitt’ for a-c applications. This amplifier, shown in Fig. 
3-22, makes use of a pentode for a resistance through which the 


+B 


Fic. 3-22. High-gain direct-coupled amplifier. 


plate of the amplifier tube receives its d-c voltage. The pen- 
tode, when operated on the nearly flat portion of its Ip vs Ey 
characteristic has an a-c plate resistance several times its d-c 
resistance. The d-c voltage drop through the tube is furnished 
by an addition to the d-c plate supply. With some of the modern 
pentodes, having amplification factors as high as 6000 with a 
plate resistance of 0.75 megohms, a very high gain (about 2000) 
can be obtained with a d-c supply of 500 volts. 

There are many other types of direct-coupled amplifiers. 
Some employ degenerative feed-back which greatly improves their 
stability. Others use tubes in push-pull with phase inverters 
for single-ended input. Push-pull should be used wherever pos- 
sible because it helps to improve stability by reducing some of 
the effect from changes in d-c supply potentials. 


7. Schmitt, Otto H.A., "A Method of Realizing the Full Amplification of 
High-mi Tubes." Rev. Sci. Inst. Dec. 1933. 
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3-11. Amplifiers With Degenerative (Negative) Feed- 
back.- A degenerative feed-back amplifier is one in which a 
voltage from the output is introduced into the input of the am- 
plifier in such a manner that the net input grid voltage is re- 
duced, thus resulting in a reduction of the gain of the ampli- 
fier. The reduction in gain is a disadvantage that is offset by 
several advantages such as a reduction of distortion, an im- 
proved frequency characteristic, and a higher degree of stabili- 
ty, all of which are inherent in the feed-back amplifier. In 
many applications of multi-stage amplifiers the aim is to pro- 
duce a given voltage or power output without exceeding a certain 
allowable amount of distortion of either wave form, phase or 
frequency. Often the requirements as to distortion are so se- 
vere that extra expense and complexity of construction are war- 
ranted if the desired results are achieved. Hence, if degenera- 
tive feed-back will improve the characteristics of the amplifier 
its application may be well worth the extra expense even though 
more stages will be required to give the desired amount of am- 
HLA ft toaciLoni. 
Simple Type of Feed-back. The simplest type of degen- 
erative feed-back is shown in Fig. 3-23. In this circuit the 
feed-back voltage is introduced 
into the input circuit between the 
input voltage E; and cathode and is 


designated Er. When the tube is 
° (= E, operated so that there is no grid 
NY p Cc current the voltage Er is directly 
2 proportional to the output voltage 
=. Eo. Let the voltage amplification 
i g = A be the actual voltage amplifica- 
R tion of the tube, 1.e., A = Eo/Eg. 


Assume the capacitance C, which is 
: used to keep the d-c out of the 
R feed-back circuit, is so large that 
the voltage drop and phase shift 
Fic. 3-23. Simple amplifier circuit due to C are negligible and further 
illustrating the basic principle of +tyat R is large compared to Ro, 
feed-back. that is, the output impedance of 
the tube is substantially Ro. Then 
Rf 


Er = Eo Re Hae Subtracting both sides from Eg gives 
Ei MSI lt ly heats ll 
Eg Er Eg Eo Re +R 
But Eg - Er = Ei or Eg = Ei + Er 
-: R 
ence Ey = Eg. - Eo 
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Eo Eo 
From the relation Aue Se Ey, = —— 
= a 
Consequently, Ei = Eo qe a 
Rote re ek 
and finally, Arp = TM oan. he Oe (3-37) 
=i 2-A 


where A is the gain of the amplifier without feed-back, but with 
C, Rr, and R connected in series from plate to cathode. For the 
simple amplifier shown A has a negative real value equal to A. 
Hence ‘ ae A 

Re + R 


Thus it is seen that the feed-back effect is such as to reduce 
the voltage gain. This is a disadvantage of degenerative feed- 
back. However, the important advantages above referred to will 
be discussed below. 

General Expression for Feed-back. Since degenerative 
feed-back may be applied in several different ways it is better 
to have a more general expression than the one given above. [In 
the above expression the quantity A R/(Rr + R) is called the 
feed-back factor. In the more general discussion the feed-back 
factor will be designated as A 8. Hence the general expression 
for an amplifier that has degenerative feed-back is 


= 8 
A rfp aioe a a (3-38) 


where Arp is the voltage amplification with feed-back, A is the 
vector voltage amplification that the portion of the amplifier 
which is controlled by feed-back would have without feed-back. 
f is the vector ratio of the feed-back voltage to the voltage 
which exists at the higher level point at which A is reckoned. 
The exact expression for $6 for the circuit of Fig. 3-23 is 
B=Re/(R + Re - j tk When = is very small compared to R, 
Bf is nearly equal to Re/ (R + Re). For degenerative feed-back 
ie - A 8} must be <A. This is one limitation which determines 
the manner in which degenerative feed-back may be applied in a 
single or multi-stage amplifier; it means that the feed-back 
voltage to the grid of any stage of an amplifier must be more 
than 90° out of phase with the input voltage to that particular 
stage. 

When the feed-back factor )A BI is large compared to l 
the gain of the amplifier becomes 

Gain of amplifier = - (3-39) 

(A B >>1) 


fo |e 
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Under these conditions the gain of the amplifier depends only 
upon the feed-back circuit. Hence any change in A which does 
not destroy the relation A B >>1 does not produce any change in 
the gain of the amplifier. Furthermore the gain and phase shift 
versus frequency characteristics are established entirely by the 
feed-back circuit. 

To make A 8 large compared to 1 would require 6 be 
large compared to L/ AS Hence under these conditions the gain of 
the amplifier will be only a fraction of the gain of the same 
amplifier without feed-back. The input voltage E; to the ampli- 
fier will have to be raised to a value A § times the voltage 
necessary without feed-back in order to produce the same output 
voltage Eo with feed-back. From the above expression for the 
gain of the amplifier it is readily seen that the input voltage 
is given by the expression Ei = - 6 Eo. 

Effect of Feed-back on Stability. Returning to the gen- 
eral expression for the gain of the amplifier with feed-back, 
namely, A 

afte TUeeA NG 
expression that any amount of feed-back will cause the gain of 
the amplifier to be changed less than any given change in A. 

A may change for several reasons: change of tubes, change in 
operating voltage, change in load resistance. Without feed-back 
a change of 10 per cent in A causes a change of 10 per cent in 
the gain of the amplifier. With feed-back such that AB = -la 
10 per cent increase in A causes only a 4.76 per cent increase 
in the gain of the amplifier. The curves of Fig. 3-24 show how 
the percentage change in gain of the amplifier depends upon A 
for various percentage changes in A. The curves of Fig. 3-25 
show how the normal gain of the 
amplifier depends upon A. By 
normal is meant the gain for any 
standard set of conditions. 

Effect of Feed-back on 
Phase Shift. Feed-back also re- 
duces phase shift in an amplifier. 
That is, it brings the input end 
output voltages more nearly 180° 
out of phase. This is shown by 
0 the vector diagrams of Fig. 3-26. 


2 4 8 8 10 
Ag Assume the output impedance of 


Fic. 8-24. Curves showing how feed- the cireuit of Fis. .5723) ian 

back affects the stability of an am- P°Sed of resistance and inductance, 

plifier. Angle of A=180°. and further assume 1foC<< R. Then 
with no feed-back, i.e., AB = 0 


the vector diagram of Fig. 3-26a 


it is apparent upon examination of this 


Per Cent Change in Gain 
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Gain in Per Cent of A 
Db Reduction in Gain 


Fic. 8-25 Curves showing how feed-back 
affects the gain of an amplifier. 
Angle of A =180°. 


applies, and Eo and Ei are less than 180° out of phase. With 
feed-back Fig. 3-26b applies. Er is the voltage fed back into 
the input circuit. E,; and Eo are nearer to 180° out of phase 


5-5 

E, 

(a) Load impedance inductive (b) Load impedance induetive A8#O, 
Af=O. 


E, and E, same as for figure (a); 
E, =8E,; 6@R/(R,+R). 


Fic. 3-26. Effect of feed-back on phase shift. 


than for the case of no feed-back. Hence in a feed-back ampli- 
fier the change of phase of the amplification with frequency 
will be less than in the same amplifier without feed-back pro- 
vided the feed-back circuit is free of phase shift, or has phase 
shift of a compensating nature. 

The general expression which shows how phase shift is 
reduced is derived as follows: First assume £ real and the 
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feed-back voltage in phase with the output voltage. Second, as- 
sume 180° + 6 is the phase angle of A. Then vector A may be 


written as A = -A (cos @ + j sin 6). Hence 
aes COS 19°43) Sin 4 
i 40 
Afb 1+ AS (cos Ge toa 0) (3 ) 
Now let 1 + AB(cos @ + j sin 6) = Ufa 
m B st 
Where a = tan7* Aaa oe 


ABSCOS 0 -ris 


and U;= Vi + 2: AB veos) 0) a AUB 


Therefore the gain of the amplifier is 


Am = GR 7 yp &=4 (37g 


As an example suppose AB = 1 and 0 = ce wae i.e., the output volt- 
age of the amplifier without feed-back is 180° + 30° out oe 
phase with the input voltage. Under these conditions 


vu =V1 + 1.732 + 17 = 1.935 


ands Oe tan * ee = tan + Bee = tan™* 0.268 
or a = 15° 
= AS, [BOras cl een en fis? 
Finally Arp = 1.935 oe ncan . 
Similarly when AB = -2 and 6 = 30° 
hee a /Appx. 10° 
94 
Effect of Feed-back on Gain versus Frequency. Previous- 


ly it was stated that feed-back reduces the change in the gain 
of the amplifier with frequency. This is readily seen when 

AB >>1 because the gain of the amplifier is equal to -1/f and 
if 6 is independent of frequency then the gain is independent 
of frequency. To show how feed-back improves the gain versus 
frequency characteristics of an amplifier it will be assumed 
that the load impedance is inductive for the simple single-tube 
case. Then without feed-back 


» ch lRo. + iko). sb Rens 
A= Baa ear AKG and A = eee tee (3-42) 


In order to make the case as severe as possible let Ro << Xo. 


TE ISN 


Then aed GRAN (3-43) 
edge py 
Xo 
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Since Xo = enfLo the gain will increase with increasing frequen- 
ey until (Ro + rp)/Xo is small compared to 1. With feed-back, 
assuming B is independent of frequency and the feed-back circuit 
has no appreciable effect upon the output impedance of the tube 


-u(Ro ag jXo) 


Ate = : 


rp + Ro + jXo [o-%) 


VRo + c.. 
eet aya aie LG un) to lack Kon eet 


Again when Ro “ Xo 


Bae Set SE, eae eRe ae aera 


Roll + +r re 
2 ae (Tee iB)= 
1@) 


Arp = (3-45) 


In this case the gain of the amplifier will increase 


with increasing frequency and reach a value equal to 


when Rol Awl tte is small compared to 1 + uf. 
oO 


amplifier of this type when [Ro(1 + uf) + rp]/Xo is large com- 
pared to (1 + uf) or (Ro + rp)/Xo is large compared to 1 the 
gain is practically the same whether feed-back is employed or 
not, but as [Ro(1 + uf) + rp]/Xo approaches 1 + uf, or 

(Ro + rp)/Xo approaches 1, feed-back reduces the gain a sub- 
stantial amount when uf is equal to or greater than 1. Hence 
the gain versus frequency characteristics of the feed-back am- 
plifier are more nearly constant than similar characteristics 
of the same amplifier without feed-back. However, a value of 
feed-back which results in a marked improvement in the gain 
versus frequency characteristics reduces the gain of the ampli- 
fier so much that it becomes questionable whether any improve- 
ment has resulted when one considers that it is necessary to 
add more amplifiers to the system in order to bring the gain 
with feed-back up to the gain without feed-back. This 1s con- 
sidered further in the discussion of feed-back in multi-stage 
amplifiers. 

Feed-back Applied to Multi-stage Amplifiers. It is gen- 
erally difficult to apply the proper kind of feed-back to each 
of the separate stages of a multi-stage amplifier. It is also 
sometimes impossible to introduce the right kind of feed-back 
in any other stage of an amplifier except the first stage un- 
less the stages are coupled together by transformers. Conse- 
quently no generalized method for applying feed-back in a multi- 
stage amplifier can be given and each type of amplifier must be 
treated separately. Some of the different ways of applying sim- 
ple and miltiple feed-back in multi-stage amplifiers will be 
discussed later. 


eral Veale 
(1 + 18) 
For any given 
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Simple feed-back can usually be applied between the out- 
put and the input of a multi-stage amplifier whenever the source 
driving the amplifier can be raised to a potential above the 
cathode of the first tube as shown in Fig. 3-27. Assume that 


Fic. 3-27. Illustrating feed-back from the output to the 
input of a multi-stage amplifier. 


the amplifier is made up of n stages and let these stages be 
numbered O, 1, 2, etc. from the output end. Let Ai [oy be the 
gain of any stage. Then the total gain of the amplifier with- 
out feed-back, but with the feed-back circuit connected across 
the output impedance, is 


A ams chy) Se AG eR EN loo #1 +92 +...) = 
where At, = Ag X A, xX Ae .... and, 9,.= 9o + 91 + Ge, +. ceee 
(Note that each g is phase displacement and not phase shift.) 


ees el At rf 
ep 1 - AtB fot 1 - Ath (cos ot + j sin 9) (3-47) 


Ary = op foe 
where U= V1 - 2 A+B cos Py + (A+B) 
Les a = tan7? —~AtB sin ot 


im 1 - AtB cos gt 
When B is a general vector quantity having a value f = 6 ly 


A 
then Arp mi /ox = Of 
where U = V1 - 2 AtB cos (go +) + (AtB)? 


1 -A sin + 
1 - AtB cos (gy + Wp) 


In the above expressions g+ is the phase displacement between 
the output voltage and input voltage of the amplifier without 
feed-back and A; is the total voltage amplification without 


and af = tan™ 
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feed-back. With feed-back the gain of the amplifier is st and 


the phase displacement between output and input voltage is 
Ot - Ot. 

The feed-back will be degenerative when cos (gt + W) has 
a negative value. This means the output voltage must be from 
90° to 270° out of phase with the input voltage when the phase 
displacement in che feed-back circuit is zero. Hence in a re- 
sistance-capacitance-coupled amplifier for the way in which 
feed-back is applied in Fig. 3-27 there must be an odd number 
of stages in the amplifier. In a transformer-coupled amplifier 
there are no such restrictions on the number of stages because 
the transformers can be wound to give the correct phase dis- 
placement for eitner an even or an odd number of stages. There 
are, however, other restrictions in any type of amplifier which 
must be considered. ~ Oscillations will result when the denomina- 
tor of (3-47) becomes zero, i.e., 


1 - AtB cos (pt +) + j AtB sin (p4 +) = O. 


Hence feed-back must be applied in such a way that oscillations 
cannot occur and further such that if there be regeneration in 
the desired frequency band of the amplifier it does not produce 
undesired gain versus frequency characteristics. 

Therefore when attempting to design an amplifier of any 
type that is to include degenerative feed-back one must be cer- 
tain of the voltage amplification and phase shift characteris- 
tics of the amplifier without feed-back not only over the band 
of frequencies for which the amplifier is intended but also fre- 
quencies below and above this band. In many cases it may not 
matter what the gain versus frequency characteristics of the 
ultimate amplifier are outside the band of interest so long as 
sustained oscillations do not take place. When the feed-back 
circuit includes transformers special care must be exercised. 
Referring to the theory of the transformer-coupled amplifier it 
will be noted that the phase shift of a single stage is equal to 
90° at fy and exceeds 90° for frequencies above the resonant 
frequency. When the transformer has a Q, greater than unity, 
the voltage amplification for frequencies near the resonant fre- 
Quency is greater than it is at the mid-frequency. For frequen- 
cies above fy, the amplification drops off so rapidly that 
trouble from regeneration in a single stage amplifier is not 
usually encountered. With more than one stage trouble from re- 
generation is usually the rule unless special care is taken to 
attenuate the feed-back voltage. The presence of the feed-back 
resistance across the secondary of the transformer modifies 
these statements somewhat. 


Reduction of Amplitude Distortion and Other Disturbances 
by Feed-back. Let the total output voltage of an amplifier with 
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feed-back be written as follows: 
eo = Aes + eq 


where eg is the distortion or disturbing voltage that would ex- 
ist if there were no feed-back and e; is the input voltage from 
the source to be amplified plus the feed-back voltage, or 


@, mt eqielp(aey +649 
TA oA: MURS Wie ad of 
Then se ag AB lke 


and finally, by substituting the value of e4 in the expression 
for eo there results 


' Ae e 
eb = - otng + RT (3-49) 
Hence the distortion or disturbing voltage eq is reduced in the 
same manner as the gain of the amplifier. For the case of non- 
linear distortion the reduction shown is true only when the out- 
put voltage is the same for feed-back as it is without feed-back 
and the generated distortion voltage eg is not affected by feed- 
back. 

Output Terminal Impedance of a Feed-back Amplifier. 
There are two cases for consideration of the effect of feed-back 
on the output impedance of the amplifier: (1) when the feed- 
back is voltage controlled, and (2) when the feed-back is cur- 
rent controlled. If (see Fig. 3-27) the input terminals of an 
amplifier are shorted and an a-c voltage Eo is applied to the 
output terminals with the load impedance removed the current 
from the source will be Io = Eo/Zo where Zo is the output termi- 
nal impedance, when there is no feed-back. 

With voltage controlled feed-back the current will be 

t . \Bo = ABEo 

Ilo = ee 
— Zo 
from the input to the output terminals, and A £ Eo is the volt- 
age fed back and amplified to the output. Hence 


where A is the voltage gain without feed-back 


abt erie ye (5-58) 


where Zo is the apparent impedance measured across the output 
terminals of an amplifier with voltage controlled feed-back. 
Hence, since [2 ~ A Bl must be greater than unity for negative 
feed-back the output impedance of an amplifier with voltage con- 
trolled feed-back is lowered. 

With current controlled feed-back, where the feed-back 
voltage is derived from a series resistor R and the resistance 
is small compared to the output impedance, the expression for 
the output impedance is obtained from 
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He Eo +A IoR 
lo = -—-o 
= raps 


" 
The solution for Zo gives 
Z" = Zo - AR 


where A is the voltage gain of the amplifier from the input to 
the output terminals without feed-back and Zo is the apparent 
output impedance measured across the output terminals. Hence 
for current controlled feed-back the apparent output impedance 
of the amplifier is raised because La - A B| must be >1 for de- 
generative feed-back. 

Degenerative Feed-back Circuits and Considerations. 
There are many ways in which degenerative feed-back can be ap- 
plied in single and multi-stage amplifiers. In all cases de- 
generative feed-back either stabilizes the current or the volt- 
age of that part of the amplifier from which it is derived, i.e. 
the feed-back is either current controlled or voltage con- 
trolled. The circuits of Figs. 3-23 and 3-27 show voltage con- 
trolled degenerative feed-back. 

When the shunt capacitance of a self-bias resistor in an 
amplifier is removed from all or a part of the resistor the 
feed-back is controlled by the plate current of the tube and the 
plate current is therefore stabilized. This is illustrated in 
Fig. 3-28. The effect of feed-back of the kind shown in this 
figure is different from that shown in 
Fig. 3-23, when Zo is not a pure re- 
sistance. When Zo is a pure resistance 
there is no difference between current 
and voltage controlled feed-back. When 
Zo is a coupling circuit for a resist- 
ance-capacitance-coupled amplifier plate 
current controlled feed-back gives no 
improvement in the voltage gain versus 
frequency characteristics of the stage, 
E but does reduce distortion and improve 

stability. When the feed-back is con- 
ee Tiedt ae trolled by the voltage across Rg, there 
age developed across Rr. is also an improvement in the voltage 
gain versus frequency characteristics. 
Consequently in order to stabilize the 
output voltage of an amplifier the feed-back voltage must be 
proportional to the output voltage. 

Feed-back voltage derived as shown in Fig. 3-23 cannot 
be introduced into any stage of the amplifier, except the input, 
unless there is a transformer coupling immediately preceding 
the point of feed-back. In other than transformer-coupled am- 
plifiers, cathode circuit feed-back illustrated in Fig. 3-30 is 
generally used. The overall feed-back embraces both tubes and 
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the output impedance and in addition 
there is some plate current feed-back 
in the first tube. ' This is ‘called 
multiple feed-back. 

It was shown above that feed- 
back controlled by the load current in 
an amplifier raises the apparent out- 
put impedance of an amplifier. Conse- 
quently the load impedance can be 
changed a reasonable amount without 
much effect upon the load current. Use 
is sometimes made of this property when 

Fic. 8-29. Cathode resistor an amplifier is operated with load im- 
feed-back in a stage of resis- pedances which are changed from time to 
tance-capacitance coupling. time. On the other hand if the load 
voltage is to remain nearly constant 
with changes in load impedance feed- 
back controlled by the load voltage is used. 


ell 
| Fay: 


Fic. 8-80. Cathode circuit feed-back in a two-stage 
resistance-capacitance-coupled amplifier. 


There are many interesting ways of applying degenerative 
feed-back in single-ended and push-pull amplifiers. The stu- 
dent, with the above fundamentals in mind, can understand, and 
even devise circuits appropriate to,the various applications of 
feed-back found in more extensive treatments in the reference 
material. 


3-12. Feed-back in a Multi-stage Amplifier from Common 
Impedance in the D-C Source; Decoupling Circuits.- In a multi- 
stage amplifier the plate circuits are usually energized from 
the same d-c source. This d-c source may be either a rectifier 
or batteries. Either type of d-c source usually has sufficient 
impedance or resistance to cause an alternating voltage to be 
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set up, principally by the current from the last tube, which is 
impressed in the plate circuits of all the other tubes. Let 
this common impedance coupling be symbolized by Z,_ as shown in 
Fig. 3-31. 


Fic. 8-81. Diagram illustrating common impedance 
coupling between output stage and nth stage from 
output. 


In a multi-stage amplifier there will be regenerative, 
or degenerative, effects between the output of the amplifier and 
each of the stages because of the common impedance couplings. 

A treatment which would take into account all of these effects 
would be very complicated in the final results. The worst ef- 
fect is between the plate circuits of the first and last tubes 
of the amplifier. Since the object of this analysis is to bring 
out a way in which the regenerative effect can be reduced to 
such an extent that the amplifier will perform properly it is 
necessary to treat only the worst effect and then apply the same 
cure to the other stages if they need it. 

Referring to Fig. 3-31 let n be the number of stages be- 
tween the input tube and the output impedance Zo of the output 
tube; let Zo, be the output impedance to the nth tube of the am- 
plifier as shown in Fig. 3-31. Let A be the voltage amplifica- 
tion from the plate circuit of the input tube to the plate cir- 
cuit of the output tube. Assume the voltage which is set up in 
the common impedance Z_ by the plate current of the output tube 


is Eo = -InoZc- For all practical purposes IToo= “se because Ze 


is generally small compared to Zo and does not have much effect 
upon the output impedance of the amplifier. Consequently 
- ZcEo 
oo | 
The plate voltage of the nth tube from the output end 
of the amplifier is 


Eo = 
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Epn = Ec - (Een Zep + Epn&p)Zon 


because Z, is very small compared to Zon. 
Also EmA = Eo or Epn = 


where A is the voltage amplification from the plate of the nth 
tube to the output impedance Zo. 


Bol ake Eo 
Hence rie aS ita (Emn8gp + a &p)Zon 
Z 
or Eo(1 + Zon8pn - Zz M) = -EgnZon8gpnA, 
and finally, BO 7. Zon & ' 
Eon Z bs Fe 
ay 1 + ZonSpn Zo f 
Zon nA 
Since the quantity - —=22=— is the overall voltage amplifica- 
Pon + Zon 


tion of the system when there is no common impedance effect or 
when Z, = 0, the overall gain of the amplifier with common im- 
pedance coupling effect is 


Gain of the amplifier with no common 


Eo impedance coupling ( 
— = 3-53) 
Egn + _ 2c A 


Zo 1 + ZonSpn 
ZA 


where the quantity gl ai Mao is the feed-back effect due 
£50 4ons6pn 


to common impedance coupling between the output stage and the 
input stage of the amplifier. This quantity may have either a 
positive or negative real term and a positive or negative j 
term. Hence the effect may be either regenerative or degenera- 
tive. In either case, since the quantity depends upon frequen- 
cy, the gain of the amplifier will vary with frequency in a man- 


ner differently than it would if there were no common impedance 
Zs A 
coupling. When = = has a real term which is posi- 
: : Zo (1 a Zon Spn) 


tive and equal to unity for a frequency at which the j term 
vanishes, the amplifier will generate sustained oscillations at 
a frequency which will make the j term zero. Under these condi- 
tions the system will be entirely useless as an amplifier. This 
is a very common experience in practice unless means are taken 
to reduce the feed-back effect from common-impedance coupling. 
Decoupling Circuits. The method for reducing, or elim- 
inating the effeot of, common impedance coupling is to attenuate 
the voltage Er between the impedance Z, and the plate circuit of 
the nth stage and a condenser from the end of the series re- 
sistor to cathode or ground of the nth tube. This is called a 
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decoupling circuit and is illustrated in Fig. 3-31 by throwing 
switch s to position b. This places an impedance Zq in series 
and a condenser Cq in shunt with the d-c plate supply to the 
nth tube. 

Let the attenuation factor, i.e., the factor by which 
the voltage E, is reduced for the plate circuit of the nth 
stage, be represented by D. Then 


Eo _ Gain with no common impedance coupling fame) 
E gn Me gD Sa ike 
Zo (1 + Zon pn) 

For the case of a condenser Cg and an impedance Zqg the decoupling 
factor p = 42% vnen eee at the lowest frequency for which 
the amplifier is designed. In order to make the decoupling cir- 
cuit effective and to provide a low impedance shunt for the a-c 
plate current of the nth tube it is necessary that 1/wCq be 
small compared to Zq. 

When Z, is known it is a matter of adjusting Cq and Zq4 
to such values that D makes the magnitude of the quantity 
Z AD : 
=f 2 =—— small compared to unity for all frequencies. 
Zo oe Zon8pn) 
The reactance 1/wCg must be small compared to the outout im- 
pedance of the nth tube and Rq should not be so large as to ma- 
terially reduce the d-c voltage to the nth tube unless such a 
reduction is necessary. When Z, is not known but it is certain 
that Z, is small compared to Zo it will be satisfactory for most 
cases to make D= 1/A. This will result in a value for 
i Oe 
Zo 1 + Zon8pn 
the amplifier behave in a proper manner. 

Figure 3-32 illustrates a three stage resistance-ca- 
pacitance-coupled amplifier with a two section decoupling 


that is small enough compared to unity to make 


Fic. 8-82. The use of de-coupling circuits in a three-stage amplifier. 
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circuit. The decoupling factor from the output to the first tube 
is equal to the product of the decoupling factors of each section 
RiRe 
w-C1Co Thus 
the two stage decoupling circuit provides much more overall de- 
coupling than if the same amount of resistance and capacitance 
were used in a single decoupling section. In addition the two- 
section circuit provides decoupling between all stages of the 
amplifier. 

The decoupling circuit also provides additional filter- 
ing when a filtered rectifier is used for the plate supply. 

When the reactance of a decoupling condenser is one-tenth, or 
less, than a decoupling resistance, the hum, or noise, voltage 
in the d-c supply will be attenuated 20 Db or more for each sec- 
tion of the decoupling circuit. Hence a two section decoupling 
circuit as shown in Fig. 3-32 can easily result in 40 Db or more 
attenuation in the hum voltage from the d-c supply to the input 
tube of the amplifier. Consequently good filtering is obtained 
where it is needed, and since the decoupling circuit for each 
tube is like the type of circuit used for low frequency com- 
pensation in a resistance-capacitance coupled amplifier it can 
also be used for this purpose provided it is properly designed 
to give compensation as well as decoupling. 

Some decoupling can be obtained by connecting the plate | 
circuits of the amplifier to different points on the filter of : 
the d-c supply when a filtered rectifier is used. The input 
stages should be connected to the better filtered portion of the 
rectifier. 


of the circuit, i.e. the overall decoupling D = 


3-13. Feed-8ack from Self-Bias Circuits.- The grid bias 
for each stage of a Class A amplifier is usually obtained from a 
resistor Ry in the cathode cirtuit of 
the tube. If no feed-back is wanted 
this resistor is shunted by a condenser 
with a reactance small compared to Ry, 
for the lowest frequency to be ampli- 
fied. When some feed-back is wanted 
only a portion of the resistor R, is 
shunted with a capacitance. In either 
case it is necessary to know how much 
capacitance is necessary. If the ca- 
pacitance is too small there will be 
Fic. 3-33. Amplifier with self- ‘degenerative feed-back at the lowest 
bias. Self-bias impedance Z, frequencies and no feed-back at the 
is generally a resistor andcon- higher frequencies. 
denser in parallel. Referring to Fig. 3-33 let the 
impedance and voltage symbols be de- 
fined as shown. Z, is the impedance 
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of the parallel circuit of Ry and Cx, or any other impedance 
that may be placed in the cathode. The voltage from grid to 
cathode is Eg = E; + ZIp- The total impedance from plate to 


E 
Hg 
cathode is Zo + Z, and the plate current is Ip ats wae ra 
p 20 


The voltage across Zo is Eo = ~IpZo; using these relations and 
writing Y, for 1/Z_ there results 


Eo  _(-pZo) 1 


Ha umiting tei O): iby tm 
Yr Lp + Zo) 


Eo Gain with 
al aS Fixed Bias 
7 0 


Fidpaet aan (3-55) 
) 


In a form more suitable for pentode amplifiers and especially 
video-frequency amplifiers 


Eo Gain with af 

em [ixedsBiesl(isic0 7” Se ee tice 

Ei : i 1+ ae 
eS Yu (1 + gpZo) 


For pentodes ggp >> Zp and gpZo is usually small compared to one, 


oe z [Gain with 1 
=e Fixed Bias 8 if ian) (3-57) 
= Zy = O Yk 


PCRS) ap Zo 


(3-56) 


From these it is seen that in general to have the gain 
of the amplifier unaffected by the self-bias impedance Z, the 
admittance of this circuit must be such that the magnitude of 
Yu (1 + gpZ0) >>(gp + ggp). For pentode amplifiers g,,/Y, must 
be small compared to one or Y,, >>Bgp> In video-frequency ampli- 
fiers the requirements for proper phase shift characteristics, 
as affected by the self-bias circuit, imposes a more severe 
limitation on Y, than would be necessary if amplitude distor- 
tion alone were concerned. 
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PART 2. AUDIO-FREQUENCY POWER AMPLIFIERS 

3-14. The Single-Tube Class A Power Amplifier. Triode 
Only.- The Class A power amplifier is operated with such d-c 
plate and grid voltages that the alternating plate current of 
each tube has nearly the same wave form as that of the alternat- 
ing voltage impressed between the grid and cathode. This means 
that the dynamic Ip vs Eg, characteristics of the amplifier must 
be nearly a straight line over the complete range of the vary- 
ing grid voltage. In the final analysis, it means the char- 
acteristics of the tube itself must be nearly straight lines. 
The characteristic curves of a tube are straight lines over only 
very limited ranges of the plate and grid potentials. Hence 
there is always some distortion. The distortion power in per 
cent of the total power output increases with the a-c grid volt- 
age, decreases with increase in the output resistance and de- 
pends upon where the tube is operated with respect to its plate 
current versus grid potential characteristics and its plate cur- 
rent versus plate potential characteristics. It is always de- 
sirable to operate a power amplifier tube with the least possi- 
ble d-c plate current and plate potential for a given power out- 
put, compatible with the allowable amount of distortion. The 
d-c grid potential is such that the grid does not become posi- 
tive on the highest input voltage for which the amplifier is de- 
signed. 

The characteristic curves of the tube itself can depart 
quite a little from straight lines in a well-adjusted amplifier 
before there is a serious departure of the dynamic Ip vs Ey 
characteristic from a straight line for the higher values of 


== @ oe a= = Ob: a Ge Ee cor eS om ee 


---}---- 
| 
i 


Eee E, 0 oe 2) Ebo 


Fic. 3-34. Dynamic J, vs E, characteristic of a triode derived from load line. 
Increasine R, straightens dynamic characteristic.. 
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load resistance. The reason is that when the grid potential 
changes the plate potential changes in such a way that yp and ry 
are nearly constant. In Fig. 3-34 is shown in a general way how 
increasing the load resistance straightens out the dynamic char- 
acteristic of the amplifier. As the dynamic characteristic be- 
comes straighter the distortion becomes less. Hence increasing 
Ro decreases the ratio of the distortion power to the total 
power output for a given input voltage. The power output for a 
fixed input voltage increases at first with increase in Ro, 
reaches @ maximum when Ro = rp and then decreases. This reason- 
ing indicates that the highest ratio of total power to distor- 
tion power results when Ro is greater than rp when the input 
voltage is held constant. Most of the distortion in an ampli- 
fier results from driving the grid into the region of very small 
plate currents where the Ip vs E, characteristics are far from 
straight lines or where rp varies quite rapidly with the operat- 
ing voltages. Hence in a power amplifier the minimum value of 
the plate current, i.e. the plate current on the negative crest 
of the input voltage should not be allowed to fall below a cer- 
tain specified value. Consequently this limits the alternating 
grid potential for a fixed set of d-c operating voltages and a 
given output resistance. It is the purpose of the next section 
to arrive at the relation between Ro in terms of rp and the d-c 
operating voltages for the maximum output power possible for a 
fixed amount of distortion power in per cent of the total out- 
put power. 

The Best Values of Ro and Eco for Maximum Power; Triodes 
Only. It is seen that upon increasing Ro, while Ege and Epp are 
held constant, the dynamic characteristic becomes straighter. 
Then for the same amount of distortion Eg can be increased, pro- 
vided E,.,e is also adjusted, as Ro is increased. The power out- 
put is approximately given by the relation (divide Eo* as given 
by eq. (3-2) by Ro): 
22 


E Ro 

(Ro + 3p) (3-58) 
When Eg is fixed the power output is a maximum when Ro = Py. 
But since as Ro is increased Eg can also be increased, it is 
obvious that Po will be a maximum for some value of Ro greater 
than rp. Hence, for a given plate battery povential Epp, the 
highest power output will be obtained when the peak value of Eg 
is equal to Egg and when the voltage E,, and the output resist- 
ance Ro are such that the plate current on the negative crest 
of the voltage E, is just equal to allowable minimum. 

In order to derive the relation for the bias voltage 
Ecco and output resistance Ro which will result in maxinum power 
output when the peak value of Eg is equal to E,,, it is assumed 
that both the static and dynamic curves are straight lines for 


Po = 


Lee 


Fic. 3-35. Ideal J, vs HE. characteristics 
of a triode. ys and 7p are constant for 
all values of plate current greater than 
I b min. 


duced by a change in plate potential which is -p times the 
change in grid potential necessary to produce the same change 
Now referring to Fig. 3-35 the plate poten- 


in plate current. 
tial is Eb, as shown, when the 
the plate current is I, min. 


zero, the plate potential is Ey for the plate current Ip min. 
Ty = f(E, + pE,) 
Ip min. = f(Ey + yO) 
also Ip min. = £(Ey + 2B o¢) 
hence E, + (Qype. = oR, 
Hence Hite eS hoo 
or Ey - Ep = -2hB oc 


But in the plate circuit of 
d-c potential at the operating 


Epo ra Rolp 6b 


Hence for the maximum value of 


. UE ccRo " 
Epo lp + Ro 3 oe 
R 1 " 
Therefore Fh oe Serres ij ae il ete Ey Sa on 
or finally EocRo ' 


When the total grid potential is 


the amplifier, if E,,. is the plate 
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all values of plate current 
greater than a certain minimum 
value. Figure 3-35 illustrates 
these conditions. In this fig- 
ure the operating point and 
load resistance are so adjusted 
that on the positive crest of 
the input voltage the grid po- 
tential will not go positive 
and on the negative crest the 
plate current will not fall be- 
low the value I}, min. Hence, 
for maximum output the peak 
value of alternating grid volt- | 
age should be just equal to the 
negative grid bias Ecc. 

In the fundamental 
theory of the three element 
tube it was found that a given 
change in plate current is pro- 


total grid potential is -2E,, and 


point, 4.6. Ebo = Epp me Ly oon 
lp ms Ro 


Cg, 1.€., Ege : 


(3-59) 
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The above equation furnishes all the information necessary for 
adjusting the voltages Eo, and Eg and the load resistance Ro so 
that maximum power output will be obtained. 

The solution of eq. (3-59) for the grid bias voltage Eo, 


gives 
Ws tas 2 = ah (#2 Pe, oen\ 


where Ey is the plate voltage required to produce the minimum 
plate current when the total grid potential is zero. 
The solution of eq. 3-59 for the resistance Ro gives 


oe ay |e (3-61) 
aoeae a Bac 
which is the output resistance to be used for any grid bias Eg¢,. 


The rms value of the voltage across the output resist- 


ance is 
ax Eg cRo 


a eh oe Ee 


when the peak value of Eg = Ecc. 
This voltage squared and divided by Ro gives the power output. 


Hence 25 2p 
= = 2 - 
Power output = Po 7 TT I (3-62) 


Equation (3-62) may also be written in terms of the voltages Ej 
and Ep: If. the best possible value of grid bias is used, i.e., 
the value given by eq. 3-60, the power output becomes 


Pre esis meagre | aware oe (3-63) 


Under these conditions it 
is to be remembered that 
the peak value of the in- 
put voltage must be equal 
to the grid bias voltage 
Ez... In order to find the 
load resistance Ro which 
will result in maximum 
power output when Ro is ad- 
justed, eq. 3-63 is differ- 
entiated with respect to 
Ro, set equal to zero and 
solved for Ro. This pro- 
cedure results in the fact 


! that Ro must equal 2rp. 
“ay or ee res pa of ratte out- sence rie cider A fae 

ut and dis on on 
Pp o/T, for a triode. output without distortion 


is 


% Distortion 
Relative P, 
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Po max = (Epo - Ep) Tas (3-64) 
without distortion: 
when Ro. = erp 
Eoo = 3/4 (Boo = Bb), then Po = 5 aa 
where \2E, = Eoo 


Epo is the plate voltage at the operating point. 

Epp = Battery voltage = Ro times (Plate current at op- 
erating point) 

Ey, is the voltage required on the plate to produce the 

minimum plate current allowable when the total grid po- 

tential is zero. 

Eg is the rms value of the a-c input voltage. It is 

to be remembered that the peak of the alternating volt- 

age input must be equal to the grid bias voltage Egc 

and that the grid is not to be driven positive. For 

amplifiers of this class the grid potential is not al- 

lowed to become positive because of grid current. 


Departure from Ideal Conditions. In deriving the above 
relations ideal conditions were assumed, i.e., above a certain 
minimum plate current the static characteristics were straight 
lines. Now actually tubes do not have such ideal characteris- 
tics. Over the entire range of voltages there is always some 
curvature in the characteristics which will give rise to harmon- 
ic distortion. This curvature increases as the plate current de- 
creases. Hence, in specifying a minimum value for the plate 
current the permissible amount of total harmonic content must 
be considered. Consequently, the theory for the ideal case is 
somewhat modified. Particularly, the best value of output re- 
sistance is very seldom equal to erp but is usually somewhat 
greater. This follows from the statement made earlier that in- 
creasing Ro straightens out the dynamic characteristic and 
thereby reduces distortion. 

Matching Load Impedance to Tube. Usually any utiliza- 
tion device into which the power is delivered is coupled into 
the plate circuit by means of a transformer. When the utiliza- 
tion device is a resistance, the ratio of turns of the trans- 
former should be such that the load resistance referred to the 
primary side is equal to the resistance specified in the above 
table. The losses and leakage inductances of the transformer 
are kept within certain limits, because they play very important 
parts in the overall performance of the combined tube and trans- 
former. 

When the d-c resistance of the primary winding of the 
transformer is only a rew per cent of the transformed load 
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resistance, the potentials Epo and Epp are substantially the 
same. The load line on the ideal Ip versus Ep chart is sub- 
stantially the same as the load line which would be obtained by 
placing a resistance Ro equal to the transformed load resistance 
directly in the plate circuit with a plate source potential 
equal to the d-c potential of the plate plus the d-c potential 
drop in the resistance Ro. On an actual Ip versus Ey chart the 
load line does not in general pass through the point Ipo, Ebo 
when the output resistance has a different value to d-c and to 
a-c. Hence in general if the load line is drawn through point 
Ibo, Epo When the a-c and d-c load resistances are not equal 
there will be some error in arriving at the power output and 
distortion from graphical analysis. 


3-15, The Single-Tube Class A Power Amplifier. Pen- 
todes and Beam Tubes.- The load resistance requirements for 
Class A pentode and beam-tube power amplifiers is quite differ- 
ent from those of a Class A triode-power amplifier. Pentode 
and beam tubes have load resistance requirements somewhat simi- 
lar to each other. The material difference between the Ip vs 
EH characteristics of a pentode and of a beam tube is that the 
transition from a plate current which changes rapidly with E, 
to one which changes slowly with E, occurs sharper and at a low- 
er plate potential in a beam tube than in a pentode. In either 


Ip— Milliamperes 


ue 
Z 
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yam 
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oa 


Ev—Volts 
Fic. 3-87. Load lines on the J, —E, chart for a beam power amplifier. 


tube the load resistance requirement for a given distortion is 
much lower than the plate resistance of the tube. Figure 3-38 
illustrates the effect of load resistance on the dynamic Ip vs 
E, characteristics of a typical Class A beam-tube power ampli- 
fier For this tube a 2500-ohm load resistance gives the mini- 
mum per cent distortion when operating with 250 V. on the plate, 
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Ec—Volts Fic. 3-39. Per cent distortion 
Fic. 3-38. The dynamic 4, — E, character- vs load resistance for the beam 
istics of the beam power amplifier of power amplifier of Fig. 3-37. 
Fig. 3-37. 


250 V. on the screen, -l14 V. on the grid, and 10 rms volts a-c 
input. Under these same conditions of operation the second har- 
monic distortion is a minimum when Ro = 4000 ohms. A 2500-ohm 
load resistor results in 10 per cent total distortion with a 
power output of 6.5 watts. For load resistances greater than 
4500 ohms the total per cent distortion rises so rapidly that 
there is actually a reduction in fundamental power output, al- 
though the load resistance is still well below the plate re- 
sistance of the tube. When this tube is operated in a Class A 
balanced push-pull amplifier for a distortion of two per cent or 


less, the load resistance to each tube should be about 1500 ohms. 


This would result mostly in third harmonic distortion because, 
as will be seen later, the even harmonics will balance out 
across the entire load when the load resistors are placed di- 
rectly in the plate circuit or in single non-inductive load when 
the load is coupled to the tube by means of a transformer. 
Single-ended beam and pentode power amplifiers have 
slightly higher distortion than a triode power amplifier. In 
the pentode, the third-harmonic distortion is particularly bad. 
Because minimum distortion occurs for a load resistance which 
is small compared to the plate resistance in a pentode or beam- 
power amplifier, whereas in a triode the distortion decreases 
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as the load resistance is increased, the triode tube causes less 
distortion in those cases where the load resistance increases 
with the frequency of operation. The efficiency of power con- 
version is slightly higher for pentode and beam-power amplifiers 
than it is for a triode amplifier. Also pentode and beam-power 
amplifiers require less driving voltage than a triode power am- 
plifier because of the higher amplification factor of these 
tubes which in turn is due to the action of the screen which is 
maintained at a constant d-c potential nearly equal to the d-c 
potential of the plate. 


3-16. Push-Pull Audio-Frequency Power Amplifiers.- When 
two tubes are arranged in a power- or voltage-amplifier circuit 
in such a manner that the input voltage to one tube is 180° out 
of phase with the input voltage to the other tube, and the plate 
circuits are so arranged that the output voltages from each 
Plate to cathode are 180° out of phase the arrangement is called 
&@ push-pull amplifier. Figure 3-40 shows how the tubes are ar- 
ranged in such an amplifier. The 
secondary of the input transformer 
and the primary of the output 
transformers are each equivalent. 


to continuous windings with a cen- 

ter tap connection as shown. The 

connections are such that when the 
Ry 


voltage to the grid of tube A is 
rising above the d-c bias the 
voltage to the grid of B is fall- 
ing below the d-c bias. Under 
ideal conditions the result is 
that the fundamental or any odd 
Fic. 3-40. Schematic circuit of a harmonic of an alternating com- 
push-pull amplifier. ponent of current of tube B adds 
to the corresponding component of 
tube A in the primary of the out- 
put transformer. This produces an alternating current in the 
output resistance Ry. 
The push-pull arrangement has certain advantages over 
connecting the two tubes in a straight parallel arrangement. 
One obvious advantage is that when the two tubes are exactly 
alike there is no d-c flux in the core of the output transformer; 
d-c flux in the core of a transformer lowers the effective a-c 
permeability of the core material. The greater advantage is the 
reduction in the distortion components in the a-c current in the 
output resistance Ro. This advantage will be shown in more de- 
tail in the discussion of this type of amplifier. 
Push-pull audio-frequency power amplifiers are classi- 
fied as to their mode of operation into Class A, Class AB, and 
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Class B, according to the definitions given in Sec. 3-1 of this 
chapter. In reality there is no sharp line of demarcation be- 
tween these three classifications. A theory will be developed 
which will comprise all three. This theory, partly analytical 
and partly graphical, will be derived from the combined char- 
acteristics of the two tubes. ! 

The Composite Characteristics of the Push-Pull Amplifier. 
The two tubes in push-pull may be replaced by a single equiva- 
lent tube which has for its Ip versus Ep characteristics the al- 
gebraic sum of the characteristics of the two tubes. This meth- 
od of approach gives all the necessary information in so far as 
a-c voltages and currents are concerned. The graphical method 
of approach to the idea of a single equivalent tube is as fol- 
lows: For two identical tubes two sets of Ip versus Ep curves 
are drawn one above the other which is inverted so that voltage 
increases to the right on the upper set and to the left on the 
lower set. These two sets are so adjusted with respect to each 
other that they coincide at the d-c operating plate voltage. 
Then an Ip versus Ep curve for a grid voltage Eog + AE, of tube 
A is added to a similar curve for a grid voltage of Eoq - AE, 
of tube B. This is done for as many pairs of curves as are nec- 
essary to carry out the graphical analysis. The resultant char- 
acteristics are called composite characteristics. Figure 3-41 
illustrates how these composite characteristics are obtained. 
The dashed lines are the composite curves. 

The set of composite characteristics represents the Ip 
versus Ep characteristics which a single equivalent tube must 
have in order to replace the two tubes in push-pull. All the 
information, except the d-c plate current, which is pertinent 
to the analysis of the operation of the two tubes in push-pull 
may be obtained from the set of composite curves. That these 
curves can furnish this information may be justified as follows: 
Assume first that the grid a-c voltage is zero. When the in- 
stantaneous plate voltage to the upper tube is above the d-c op- 
erating voltage by an amount AEp volts the instantaneous plate 
voltage of the lower tube is AEp volts below the d-c value. The 
instantaneous plate current of the upper tube is found on the 
corresponding Ip versus Ep curve for that tube and is the cur- 
rent Ipa- The plate current for the lower tube is Ipp- Now at 
normal plate voltage the two equal plate currents are flowing 
in opposite directions in the primary of the output transformer. 
Hence, there is no magnetic field in the core. With the new 
voltage Epa + AEp on the upper tube and Epq - AEp on the lower 
tube the net current in the primary of the output transformer 
is the algebraic sum of the two plate currents at the new plate 
voltages. This is the current I}, taken from the composite 
characteristic at the plate voltages Epg + AE, for the upper 
tube and Eyq - AEH for the lower tube. This is the current 
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Fic. 3-41. The composite characteristics of a push-pull amplifier. 


which must be multiplied by the turns of one winding of the pri- 
mary to give the ampere turns which produces the instantaneous 
flux in the core. If Np and Ng are the number of turns in the 
primary and secondary windings respectively the load current 
I; = IboM)/Ng- This is strictly true only for an ideal trans- 
former and practically true for any well-designed transformer. 
Graphical Solution of a Push-pull Amplifier. The method 
for establishing the I, versus E, characteristics of the single 
tube which is the equivalent to the two tubes in push-pull was 
given in the preceding section. The method for arriving at the 
form of the plate current versus grid potential will now be 
given. In Fig. 3-41 is shown the Ip versus Ey, characteristics 
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of the two tubes arranged also to show the composite character- 
istics. If the load resistor is Ry ohms and the ratio of the 
primary turns of one winding to the secondary turns of the out- 
put transformer is N, the output resistance for the equivalent 
single tube is N*Ry, ohms. Hence, across the composite Ip vs Ep 
characteristics is drawn the load line with a negative slope of 
1/N*R. This is the load line of the push-pull combination. It 
must be drawn through the proper d-c operating point. The 
points where this load line crosses the composite characteris- 
tics are the values of the current in the transferred load re- 
sistance which are due to the particular grid voltages for which 
the composite characteristics are drawn. 

The load line of each tube is a line drawn through the 
points of intersection of the vertical lines, which are in turn 
drawn through the intersections of the composite characteristics 
and composite load line, and the Ip versus Ep characteristics of 
the tube. These are the curved lines shown in Fig. 3-41 and are 
obtained as illustrated. When the Ip versus Ep characteristics 
are straight lines over the complete range of operation the load 
lines of each tube are straight but have only 1/2 the negative 
slope of the composite load line. In general the load lines of 
the individual tubes are not straight lines because the instan- 
taneous plate voltage of either tube is not due entirely to the 
action of that tube alone but is due to the combined action of 
the two tubes. There is no even harmonic distortion in the out- 
put voltage or the voltage across either half of the primary of 
the transformer. Consequently the load line of either tube 
must be of such a nature that the dynamic relation between Ep 
and E,. does not contain even harmonic distortion. In another 
way, the situation is such that the plate current of either tube 
contains both even and odd harmonics whereas the total plate 
voltage contains only odd harmonics. This situation demands a 
load line for either tube that is not a straight line when op- 
eration takes place over the non-linear portions of the Ip vs Ep 
characteristics. 

The graphical construction shown in Fig. 3-41 gives a 
correct picture only when the two tubes are exactly alike and 
when the transformer is ideal and the d-c resistance offered to 
each tube is negligible compared to the a-c resistance. When 
the d-c resistance of the transformer is not negligibly small 
the d-c potential of each plate, for any given a-c input volt- 
age differs from the source potential Epp. Then the I} vs Ep 
characteristics of the two tubes have to be joined at the d-c 
plate operating potential Eyq. Due to partial plate current 
rectification the d-c plate current Ipq is not equal to the 
quiescent d-c plate current Ip... Consequently it is difficult 
to arrive at the true dynamic d-c plate potential Eyq and the 
true graphical picture of operation. The graphical construction 
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for the Class B amplifier is exceptionally bad because of the 
large amount of plate current rectification. Self-bias also 
produces errors in the graphical picture because the grid-bias 
of either tube, i.e. the voltage Ecqa depends upon the total dy- 
namic d-c plate current Inq. Self-bias is not generally used 
when there is a large difference between the dynamic and quies- 
cent d-c plate currents as in Class B operation. 

The Fundamental Power Output and Efficiency of a Push- 
pull Amplifier. The fundamental power output of the push-pull 
amplifier is obtained by considering the push-pull arrangement 
to be replaced by a single tube that has Ip vs Ep characteris- 
tics exactly like the composite characteristics of the two push- 
pull tubes. This equivalent tube will have a plate conductance 
equal to the slope of the composite characteristic.:. The ampli- 
fication factor of the equivalent tube will be practically the 
same as the amplification factor of either one of the push-pull 
tubes. If the plate conductance is symbolized by Zp the plate 
resistance will be ry = 1/g}. Now, as stated before, the out- 
put resistance is N PRL Where N is the ratio of the turns of one 
primary winding to the secondary turns. The grid voltage of 
the equivalent tube will be equal to the grid voltage of only 
one of the push-pull tubes. Consequently the power output of 
the push-pull amplifier is 


= get teen (3-65) 


(NOR teas) 


When the push-pull tubes are operated as Class A amplifiers rj, is 
_ practically equal to r./2. When the tubes are operated as Class 
B amplifiers then rp is practically equal to Eye OL Class AB 
operation rj lies somewhere between rp/2 and rp. 

The fundamental power output can also be obtained from 
the graphical harmonic analysis. It is equal to the fundamental 
component of the current for the push-pull unit squared times 
the output resistance NRL. 

The order of plate circuit efficiencies of the three 
classes of push-pull amplifiers are as follows: Class B most 
efficient, Class AB next, and Class A least. The reason is that 
in the Class B amplifier d-c current, except for a very small 
amount, flows only when the a-c input voltage is impressed in 
the grid circuits and is proportional to the input voltage. It 
is a little greater than 0.636 times the peak value of the a-c 
output current of the unit. In Class A operation the d-c plate 
current is equal to or greater than the peak value of the a-c 
output current of the unit. Consequently if two tubes are op- 
erated first as Class A, then as Class B, at the same d-c plate 
voltages and adjusted to give the same power output, the Class 
B amplifier will require less d-c power input to the plate. 
Typical efficiencies for the three classes, when operated so 
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that the harmonic distortion is not excessive, are Class A 30 
per cent, Class AB 40 per cent, and Class B 70 per cent. 

The Distortion Components in a Push-pull Amplifier. The 
dynamic I) versus E, characteristic of each tube is derived in 
the usual manner from the Ip vs Ep characteristics and the load 
line for the tube. The composite dynamic characteristic may 
either be derived as the algebraic sum of the individual dynamic 
characteristics as shown in Fig. 3-42 or it may be derived di- 
rectly from Ip vs Ep composite characteristics and the composite 
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Fic. 3-42. The J,— E. dynamic characteristics of a push-pull amplifier. 


load line of the push-pull unit. 

It is evident that if the two tubes are exactly alike 
the instantaneous output current curve of the unit which is de- 
rived from the composite dynamic characteristic will be sym- 
metrical about the zero line. Hence, under these conditions 
there will be no even harmonic distortion in the load resist- 
ance. There will be only odd harmonic distortion. In practice 
the two tubes will not be exactly alike and also the transformer 
will not be ideal. Hence, there will, in general, be some even 
as well as odd harmonic distortion in the load resistance. The 
graphical method for evaluating the harmonic distortion which 
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is given in Sec. 3-17 can be applied to the push-pull case by 
evaluating the various currents involved from the dynamic Ip vs 
E, characteristics of the unit. In order to get the total d-c 
plate current the graphical harmonic analysis has to be applied 
to the dynamic I, vs E, characteristic of the individual tubes. 

Power Input to Class ABs and Class B Amplifiers. When 
the grid of an amplifier tube is driven positive with respect 
to the cathode grid current flows for the fraction of the input 
cycle that the grid is positive. Each resulting grid-current 
pulse that occurs for each positive half cycle of the input 
voltage is nearly like the top portion of a sine-squared func- 
tion. The grid current is made up of a fundamental and several 
harmonics. The fundamental component Ig; times the input volt- 
age, assumed to be a sine function, gives the power required to 
drive the tube. The fundamental component of grid current can 
be evaluated from graphical analysis exactly as is done in the 
case of: a Class C or Class B radio-frequency amplifier. This 
analysis is given in Sec. 3-20. 

Because grid current flows for only a fraction of the 
positive half cycle the source driving the grid should have good 
voltage regulation. That is, the driving source should be equiv- 
alent to a low impedance compared to the input impedance of the 
grid when current is flowing. If this is not the case the driv- 
ing voltage will be distorted. To achieve the equivalence of a 
fairly low impedance source generally requires transformer cou- 
pling in the driver stage and a driver tube capable of furnish- 
ing more power than is actually required to drive the Class B 
amplifier. The transformer reduces the driver tube impedance 
to its secondary side. 


3-17. Graphical Method for Evaluating the Harmonics in 
a Power Amplifier When the Load is a Pure Resistance.- Usually, 
the presence in the output of an amplifier of harmonics of a 
sinusoidal input voltage represents distortion. Harmonic dis- 
tortion D is defined as 
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where Ii is the amplitude of the fundamental and Isa, Is, ...., 
In the amplitudes of the second, third, etc. harmonics (I.R.E. 
Standards on Electronics, 1938, p. 45). It is thus desirable 
to have available methods for determining harmonic content. One 
such method is outlined in the following. Experimental methods 
are discussed in the I.R.E. Standards. 

When the load impedance of a power amplifier is a pure 
resistance the instantaneous plate current is such that there 
is symmetry of current on the positive half of the input cycle 
about the current which flows when the input voltage is a 
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maximum, and symmetry on the negative half of the input cycle 
about the current which flows when the input voltage is a mini- 
mum. This is because the path of operation on the Ip vs Eg 
characteristics is a single valued function and therefore ip 
amperes produced at an angle @' less than n/2 from zero time on 
the input cycle is reproduced when the angle is tm - 0'. These 
properties are illustrated by Fig. 3-43. 
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Fic. 3-43. Gravh showing the method for scaling the necessary currents 
from the dynamic J, — EZ, curve for evaluating the harmonics in ip. 


When a pulsating current has the properties described 
and illustrated above it can be represented by a constant term 
plus sine terms of odd harmonics plus cosine terms: of even har- 


monics.° Hence under these conditions of operation the total 
plate current is given by 


8. See the section on Fourier Series in Ch. l. 
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iy = Iba + In sin wt + Ip cos 2 wt + Ig sin 3 wt + Ig cos 4 wt 


fees sin 5 wt + Ie cos’ 6 wt +17 sin’; wt +... (3-66) 


The coefficients Ing, I1, Ie, etc. are the peak amplitudes of 

the constant term, the fundamental frequency term, the second 
harmonic frequency term, etc. respectively. These coefficients, 
or peak amplitudes, can be evaluated by properly selecting 

points on the input emf wave and writing the total current ip 

for each of these points. The minimum number of such points is 
equal to the number of coefficients which is desired in any given 
analysis. This procedure gives the following expressions for 

the d-c current Ipq and the first seven harmonic currents. 


Memes + le tle + ola - Iho 
in/e = Inq + 0-5], + 0.512 + Is - 0.514 + 0.515 - Ie - 0.517. 
Preeti AO bie) Tal 0. 514 (0. 5Ie 2 ts + 0.517. 
Desi, + 0.70711 + 0.707Is - I, - 0.707Ig - 0.707I>. 
fee iy, - 0.7071, - 0.70715 - In + 0.707I5 + 0! 70717. 

Diya = Te, + 0.8661, - 0.52 - 0.514 - 0.866I5 + Ie + 0.86617. 
i-t/s = Ipa - 0.86611 - 0.5I2 - 0.514 + 0.866I5 + Ie - 0.86617. 
it/2 = Inq - Tn - Iz - Ip. + In + Is - Ie - Irv. 
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i-n/e = Lng - Ii - Ia + Ig + I4 - I5 - Ig + I7.- 


where the fractional n subscripts and O refer to angles of 9 on 
the a-c input emf measured from zero reference time which occurs 
when the input voltage starts to raise the grid potential above 
the bias potential E,og. With this notation the grid potentials 
measured from 0 which cause each of the above currents on the 
left sides of the above expressions are as follows. (It mst 
be remembered that Ego may have a positive or negative numerical 
value, generally negative for all cases except in some cases of 
Class B operation, when Ego = 0. Eg is the peak value of the 
a-c input voltage.) 


Plate Grid 
Current Potential 
ate at Eco 

in/e ager ogee tage er Eco + 0.5Eg 
1-n/e nse an aE ET Eco o 0.5Eg 
in/4 ee ee Eco + 0.707Eg 
1-n/4 ie reat Eco ~ 0.707Eg 
in/s a ee an Eco + 0.866E, 
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Plate Grid 
Current Potential 
i_n/s  ------ Eco - 0.866E, 
aN IR fon te Eco + Eg 
i-n/2 ------ Eco - Eg 


Consequently the currents lipo, in/fe etc. are evaluated by locat- 
ing each of instantaneous grid potentials shown in the table and 
scaling the currents on the dynamic Ip vs E, characteristic at 
each of these points. 

The equation for ipo, in/fe etc. are solved for each of 
the currents Ipq, I1, Ie etc. One method for solving these 
equations is to first write certain sums and differences. For 
the sake of brevity the sums and differences are given the fol- 
lowing symbols: 


in/fe + i-nt/e = A, in/e - l-t/e = B, (3-68) 
infja + i-n/s = C, in/a - i-n/a = D, 
in/s + i-n/s = E, in/s - i-n/s =F, 
infe + i-nfe =G and in/e - i-n/e = H 


Using this notation there results, 


A ODT Gas one hy tata (3-69) 
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Cie PT yarnetelg 
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Note that the sum terms are made up of even harmonics and the 
d-c term while the difference terms are made up of only odd har- 
monics. From these equations there result 


YInpg - Ql4 =At+E 


and 2Ipa - 214 = C 
By subtraction CIpa =A+H+E-C 
or Iba = ane 
Also Lay A +E - C 
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Since tno Ssh ee tO Le Hele) 
and from the above solutions for I4 and Ipqg there results 

In +Ipa=A+E-20 
Then I2+Ie=Ip -A-E+SC 
From the equations for A and E there results 

2Io - 4Ie =A-E 

These last two equations can be solved for Ie and Ie: 
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and Ie 
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This completes the solution for the average current Ipq and the 
even harmonics Is, I4, and Ie. 
Returning again to the A, B, C, D, etc. equations, it is 
seen that 


2B - H = 6Is 


or Ts 3 -3 


It is also seen that 
XT, = 1.154F + H + 21g 


Substituting in this equation the above value for Ig and divid- 
ing by 4 yields 


at 1 
Ti = 0.280F + 7 H+ EB 


From the equations for H and D there results 
-4I, oe NTs = H - 1.41D 


Substituting in this equation the expression for Ig and solving 
for Is there results 


Is = 0.083H - 0.352D + 0.333B 
Finally from the equations for B and H 
-3I7 + 311 + 3Is = B+H 


or | I7 = Ii + Is - (B/3 + H/3) 
But Ii + Is = 0.280F + 1/4H + 1/2B - 0.352D 
Hence 


I7 = 0.289F - 1/12H + 1/6B - 0.352D 
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Summarizing: 
Ing = 0-5A + 0.5E - 0.50 = D-C (3-70) 
Ii = 0.289F + 0.166H + 0.166B = Fundamental A-C 
Is = 0.6661, - 0.5A - 0.833E + C = 2nd harmonic 
Is = 0.333B - 0.166H = 3rd harmonic 
I, = 0.5A + 0.5E - C = 4th harmonic 
Is = 0.083H - 0.352D + 0.333D = 5th harmonic 
Ie = 0.333Ibo - 0-5A + 0.5C - 0.166E = 6th harmonic 


I7 = 0.289F - 0.083H + 0.166B - 0.352D = 7th harmonic 


where the a-c components are all peak values. Consequently the 
procedure for determining the first seven harmonic currents and 
the d-c current in a load resistance Ro consists of first draw- 
ing on suitable graph paper the Ip vs E, dynamic characteristic 
which is derived from the load line on the Ip vs Ep character- 
istics. Then the voltages, in terms of Eg and Ee,., which give 
the plate currents Io, in/e, 1-n/e etc., are located on the Ee 
axis according to the table given above. The currents Io, in/e, 
i-n/e etc. are then scaled and their values placed in the equa- 
tions for the current components. These equations are then 
solved for the d-c and a-c current components. 

This graphical method for evaluating the fundamental and 
harmonic currents can be used for the push-pull power amplifier 
with a good degree of accuracy. The method given is based on 
the load resistance being placed directly in the plate circuit 
of a single-ended amplifier. When the load resistance is trans- 
formed into the plate circuit as it most always is in either 
single-ended or push-pull amplifiers, there is some discrepancy 
between the true load line and the apparent load line on the 
Ip - Ep chart. This is due to the difference between the a-c 
and d-c resistances in the plate circuit. When the d-c resist- 
ance is only a few per cent of the a-c resistance the discrepan- 
cy is small and the apparent load line can be used without much 
error. For the push-pull case the load line of the equivalent 
Class A tube is used for getting the different currents in- 
volved either directly or through the dynamic curve of Ip versus 
Ey. The d-c current can be obtained only by analyzing the in- 
dividual dynamic curves of the tubes. 
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PART 3. RADIO FREQUENCY VOLTAGE AMPLIFIERS 


3-18. Radio-Frequency Voltage Amplification.- The radio- 
frequency voltage amplifier is used for obtaining voltage gain 
in the radio-frequency spectrum. Power amplification is not of 
primary importance but of course some power conversion takes 
Place in the plate circuit of each stage of the amplifier. Radio- 
frequency amplifiers are usually of the selective or tuned type 
and are used for amplifying a narrow 
band of frequencies. Figure 3-44 
illustrates a typical gain versus 
frequency characteristic of a tuned 
radio-frequency voltage amplifier. 
Except between the frequencies fi 
and fs the gain is very low. The 
ideal characteristic is one that 
discriminates very sharply against 
frequencies outside the pass band 
and has a constant gain over the 
rey: pass band. Such ideal characteris- 

OEE salted tics are never realized but an ap- 
Fic. 3-44. A typical gain vs proach is found in the doubly-tuned 
frequency characteristic of @ = annlifier sometimes known as a band- 
tuned amplifier. 
pass amplifier. The tubes of a 
radio-frequency voltage amplifier 
are usually operated as Class A because efficiency is not im- 
portant. 

Pentodes that have their control grids rather complete- 
ly shielded from the plates are usually used in 4 radio-fre- 
quency voltage amplifier because they yield higher gain and do 
not require neutralization of the grid-to-plate capacitance. 
However care must be exercised in the layout of the amplifier 
or the capacitance and magnetic coupling between the plate and 
grid of a tube will defeat the advantage of using a pentode. 
Consequently in radio-frequency amplifiers the tubes and cir- 
cuits are shielded from each other. The shielding around the 
coils should not introduce excessive losses and thereby lower 
their Q factors. 

Three simple types of tuned radio-frequency amplifiers 
are shown in Fig. 3-45. They are shown in the order of their 
desirable selective characteristics for passing a narrow band 
of frequencies and eliminating frequencies outside the pass 
band. It also so happens that the degree of complexity of 
analysis is in this same order. The type shown in Fig. 3-45a 
is so inferior to the other two that it is seldom used for 4 
voltage amplifier but is used extensively in power amplifiers. 


Gain 
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Single-tuned Circuit Type. The circuit is a parallel 


circuit of inductance and capacitance placed directly in the 
plate circuit as shown in Fig. 3-45a. A coupling condenser and 
grid-leak resistor are used for connecting to the grid of the 
output tube. Using the symbols shown in the figure the expres- 
sion for the voltage amplification, when the reactance of the 
coupling condenser is negligible, is 
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where age + j (we - See is the admittance of the 
Ro + Wd. Re 0s 1, 
parallel circuit. When R <<ualL, Ggo <, and a pentode is used 
for the input tube the expression becomes 
peepee kona 9:90) SO SNe an 
Az — eer (3-72) 
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If the circuit is tuned to the operating frequency by adjusting 
C the maximum gain is 
eae 


ee L 
Amax = Ries SgpiQrWrL = RO (3-73) 
£ | 
where Wy = Vic and Qr = ae aE 


The gain versus frequency characteristics are shown by the fol- . 
lowing expression 


Amax Rate e ¥/iteay etre : 
Aate™ ¢ Veet Or (Fz 1) (3-74) 


The above expression is somewhat similar to the expression for 
the ratio of the current at resonance to the current off reso- 
nance in a series circuit” of L, R, and C, and the two expres- 
sions are alike when Q, is large. 

Because it is not practical to build coils that result 
in the quantity L/CR much higher than approximately 0.1 the 
plate resistance rp of a pentode, the gain of an amplifier of 
this type is limited to about 0.1 the amplification factor of 
the tube. Also it is seen that if the Q; factor of the coil 
remains constant over quite a range of frequencies the gain of 
the amplifier will be nearly directly proportional to the fre- 
quency to which it is tuned. This is not generally desirable, 
for example, in the tuned radio-frequency stage of a radio re- 
ceiver. 
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(b) Tuned secondary transformer type. 


(c) Double-tuned transformer type. 
Fic. 3-45. Three types of tuned amplifiers. 
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Transformer Coupling With Tuned Secondary. The tuned 
secondary type of transformer coupling is shown in Fig. 3-45b. 


In the general case when both M and Cg can be adjusted for the 
maximum possible voltage across Cg these adjustments are de- 
rived in the following manner. The impedance that the circuit 
presents to the input tube is 


Rgw M- X,w°M* 
Zo = Ry + > Sse + j(ol - =) (3-75) 
=° I Rg + Xg J p Rg + Xg 
where Xg = Wlg - a Las Maxinum power will be delivered to the 


secondary when Zo Be = Ppy Or Zo = Ypy + Rp and, approximate- 
ly, the voltage across Cg will be a maximum for any given volt- 
age Egi. This results in adjusting M and Cg so that 


Xgw°M* Rg Ww M*> 
- a se = = Se = - 
wLp - FET x, o and pe tx rpi + Rp (3-76) 
For practically all cases Rp will be small compared to rp; and 
can be neglected. Relations (3-75) reduce to the two following 
simultaneous expressions. 


wl r 
Xe = Re and wM = /rpRg + LpXzs (3-77) 
These two relations can be satisfied simultaneously when 
1 cL 1 
K* « —— - + -78 
Qra lO Qrs Qrp J f (3-78) 
Ip Rg fi Lg 


When the above relations can be satisfied the voltage gain is 
BE 


Ee 


Ego a WC g | (3-79) 


at a frequency f= erates 


When the input tube is a pentode the practical value of Qrp is 
so small that it would require K to be greater than one to sat- 
isfy the above expression. This is impossible. However, most 
present-day tuned amplifier circuits use pentode tubes and so 
it 1s necessary to have an expression for the voltage gain for 
this case. 

When the constants of the input tube and circuit are 
such that the a-c plate current is substantially independent of 
the output impedance, i.e. rp is very large compared to Zo, the 
voltage induced in the secondary circuit will be directly pro- 
portional to M and nearly independent of Xs, the net reactance 
of the secondary circuit. 


AMPLIFICATION 143 


—  =JwMIp 
Ly BG NGOS (3-80) 


Then Ip is nearly equal to ggp1 Eg, and since 


~ —JWM_ggpiEgi 5 
The voltage across the condenser Cg, is Egy = +j = Ig 
3 


Hence 


> 
W 
a 
re 10 
WR 


wM ~ M/Cg gepi 
(Rs + jXg eG Rg + jXsg (3 82) 
~ M/Cg Beni 
Az = (3-83) 
\Rg + X, 
‘A is a maximum when the frequency is adjusted to make Xg = O and 
substantially a maximum when the frequency is fixed and Cg is 


adjusted to make Xg = 0. In either case let this frequency be 
known as frg, the resonance frequency of the secondary circuit. 


Then 
a = MCs Seni = = WM Sens Bepi (3-84) 
8 Fy 
= WrM Qrs&gpi = FL Ors Ur 
pi 
where Qra = FE 


Since A depends upon frequency in the same manner as does the 
current in a series circuit of L, R, and C, the gain versus fre- 
quency characteristic of the amplifier are like the current 
versus frequency characteristic of a series resonant circuit. 
If Qrg is substantially constant over a range of frequencies 
for which the amplifier is designed the maximum gain will be 
directly proportional to the operating frequency. This may be 
undesirable because the sensitivity of the system will increase 
with frequency. 

When the input tube of an amplifier is a pentode the 
selectivity and the dependence of sensitivity on operating fre- 
quency are practically the same for the tuned plate circuit and 
the tuned-secondary transformer types of coupling. The maximum 
gain at the operating frequency can be made greater for the 
tuned-secondary transformer because M can be made larger than L 
of the tuned plate circuit type and have the same range of op- 
eration. 

-Doubly-tuned Transformer Coupling. The doubly-tuned 
transformer coupling type of radio-frequency amplifier is il- 
lustrated by Fig. 3-45c. This type of coupling is the one most 
generally used in broadcast receivers because, as will be seen 
later, it~has a broader pass band and a sharper cutoff than 
either of the other two types, and for certain values of the 
circuit parameters the maximum gain is nearly constant over a 
range of frequencies. 


L44 ULTRA -HIGH -FREQUENCY TECHNIQUES 


In order to proceed with the analysis of the circuit of 
Fig. 3-45¢c the equivalent circuit is arranged as shown in Fig. 
3-46. Then Thevenin's theorem*® is used for arriving at the 
relations which must exist between the circuit constants for 
maxinum voltage amplification. 


Tp Ry Ss R, 
nee | 
L : Ls 
: Eq + , - 
1 
Cc 


FIG. 3-46, Equivalent circuit of a double-tuned 
transformer-coupled amplifier. 


With switch S of Fig. 3-46 open, the impedance Zp, is 


Rg WM Xgw°M*> 
ive = pe 5 yet j(wLp - Ras are ) (3-85) 
The impedance Ze,, with the source sepia (-pEg) = O is 
= A at fe Fy cela Eh ot 
Bag: =p. 1+ rp wCy 1+rp wCy (3-86) 


For maximum transfer of power into the secondary circuit Zp¢- 
must be the conjugate of Z,,. The voltage across condenser (Cg 
will be substantially a maximum when the power delivered to the 
secondary circuit is a maximum even though f or Cg are adjusted 
to meet the power conditions. Making Zp, equal to the conjugate 
of Z,, results in the simultaneous relations which must be sat- 
isfied for maximum voltage amplification namely, 


rp - Bev ve : 
Rp st + rp w Cp + Xg (3 87) 
- yee. areas (3-88) 


+ X, 1+ Trp w Cp 


Only one special case will be analyzed. This is the 
case when a pentode is used for the input tube, so that 


rp? > ee for all practical values of Cy: Under these condi- 
p 


tions the two simultaneous relations reduce to 


10. Thevenin's Theorem is given in Ch. l. 
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ze 
Roe ere a) Bat Xe |) 
w*M? = —2o yp (3-89a) 
Rg 
pee R 
P 
Pyar. mS Xp (3-89b) 
Rg Xg 
where Xp = why - ee and X L Ree 
Bee Pp WC p . ae WCg 
The quantity oe may be regarded as effectively in- 
Pp Pp 


creasing the resistance of the primary circuit. Then if the Q 
factors of the two circuits are defined as follows 


Wrp Lp WygL 
Sep Bem and Qre = “p= (3-90) 
nae Op pate 


the simultaneous relations for maximum voltage gain can be re- 
arranged into the two forms. 


if 
ae (3-91) 
rp y Pe eae 
and Sh i aac abs a2) h(t) (3-92) 


a 
where k = M/ Lyplg ’ frp = and frzg = 
V om LpCp emt Lg Cg 


The solution of these two expressions yield the following ex- 
pressions at which maximum voltage gain occurs, 


maje(ty, + fre) + (fey + fog)” + Srp fre (kK - 1 
f, = afep See) SL te Ere is 


and ~ /|Qref: = fr ? 
ine Qre - Qri et) 
when frpfre << (¢,,7 Pep) 
Qrp@rs 


Expression (3-91) shows that when frp is not equal to fyg there 
can be only one frequency at which the voltage amplification can 
reach tre maximim value and this frequency must also satisfy ex- 
pression (3-92). In general the voltage amplification versus 
frequency characteristic will have two peaks, when the coupling 
is greater than a certain critical value, but when fy, is not 
equal to frg one of the peaks is higher than the other and 
neither may be optimum, unless the circuit constants satisfy 
-both of the expressions for fy. 
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When the two circuits are adjusted so that LgCg = InCp 
and Qrp = Qrs then the expression (3-91) is satisfied for all 
frequencies. This is nearly true also when Qrg is not quite 
equal to Qrp- The expression for fm becomes 


fy 


ee PS ae 
or fm! pes pt Ae eI eee ie 


where fy = fyp = frg and the coupling is greater than critical. 
This results in two values of equal magnitude in the gain versus 
frequency characteristic and both of these values are optimum. 
The critical or smallest value of coupling the system can have 


At 
and still produce the optimum gain is k= = ———- _ which results, 


~ Qrp Qrs 
as seen from expression (3-92), when f = fy. Then for critical 
coupling 

f 

fmi @ fp sand. fo = Faw (3-96) 

These two frequencies are usually so close together that there 
is no appreciable drop in the voltage gain between them. This 
is the reason for the flat top nature of the gain versus fre- 
quency characteristic. It is necessary to go back to expression 
(3-92) to arrive at the expression for fm: and fme in (3-96) be- 
cause when k = 1/QrpQrs the approximation which was used in get- 
ting fmi and fme for coupling greater than critical is not valid. 
Figure 3-47 illustrates a typical gain versus frequency 


Gain 
oe ow ee es oe oe oe owe ee ot = 


Cc 


Freq. Frat Le "f me 


Fic. 3-47. Typical gain vs frequency characteristics 
of a double-tuned transformer type of tuned ampli- 
fiers. Ly Cy =IL,C, and Qrp — (4 es 

(a) Coupling greater than critical. 

(b) Critical coupling. 

(c) Coupling less than critical. 
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characteristic for the type of circuit in which fyp = frg = fr 
and Qrp = Qrg. : 

The optimum gain of the amplifier stage is deduced from 
the power relation in the following manner. Referring to Fig. 
3-46 the circuit is adjusted so that Zpe is the conjugate of 
Zac. 


Henc . ei oe 
if aes Ts Re 1° (Rp 1 + rw Cy ) 
ate ie ee eee oper 


2(Rp + ———3-~—-s) 


1 + rpw'w Cy 
ee Ye sl | 5 es Ee 


2s) pa 
2(Rp shag rpw Cp 1 + rp“wCp* 
sf 

WC g 

From these expressions there results optimum gain 


The voltage Ego = Is 


ue 


A= a [Rp (1 Fi rp w"Cp*) + Pp ]Rg (3-97) 


This expression shows that the optimum gain is slightly less 
than that for the tuned-secondary type because of the quantity 
Rp(1 + rp w°Cp”) in place of Rp. However the doubly-tuned type 
is superior from a selectivity standpoint because the gain over 
the pass band is more uniform and the change from passing to 
attenuating is more abrupt. 

The doubly-tuned transformer coupling is used mostly in 
the intermediate-frequency amplifier of a superheterodyne re- 
ceiver where the tuning is adjusted for a constant band width 
and operating frequency and it is not necessary to make the two 
circuits "track" together over a range of frequencies. 


3-19. Video-Frequency Amplifiers.- A video-frequency 
amplifier is one that is used for amplifying television picture 
or other impulses to a level necessary for modulating a trans- 
mitter, or the rectified signals at the receiver to a level 
necessary for operating a cathode ray tube. The electrical inm- 
pulses produced from the picture pick-up tube or other source 
contain a very wide band of frequencies,*? much wider than is 


ll. In television, assuming the scene to be transmitted is "divided" into 
44] lines and scanned 30 times per second, the scanning of one line takes 
1/13 ,230 sec. If there are 50 evenly spaced small black rectangles on a 

line, the change from black to white and back to black in scanning the 
line is at a rate of 50 x 13,230 = 651,500 per second. To transmit up to 

the third harmonic of this frequency would require a 2-megacycle band. 
(Footnote continued) 
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encountered in audio-frequency work. These frequencies lie in 

a spectrum from a few cycles per second to a few megacycles per 
second; in some cases the upper limit is above 10 megacycles 

per second. Unlike audio-frequency amplifiers applied to elec- 
tro-acoustical systems, the video-frequency amplifier must be 
free from phase distortion. Phase distortion cannot be tolerat- 
ed because it results in a picture image with distorted detail, 
or in a reproduced pulse which does not resemble the original 
closely. 


A. RESISTANCE-CAPACITANCE COUPLING WITH COMPENSATION. 
To design a video-frequency amplifier, with tubes very much 
like those used for audio-frequency amplifiers, for nearly con- 
stant gain and little phase distortion from a few cycles per 
second to a few megacycles per second requires much more judg- 
ment and care than are required in the design of an audio-fre- 
quency amplifier. It will be remembered that high gain and a 
gain that is constant with frequency for the higher frequencies 
are incompatible. Therefore to extend the upper limit of the 
range of an amplifier to several megacycles or more requires a 
great reduction in gain from the value that can be obtained in 
an audio-frequency amplifier using the same tubes. For an ex- 
ample, suppose the input tube of a resistance-capacitance- 
coupled amplifier is a pentode, rp = 0.75 x 10° megohms, 
Egp = 9000 micromhos and pL = 6750 and assume that the capaci- 
tances, including sockets and wiring, of the input tube and out- 
put tube are such as to impose a capacitance of 20 x {o7% 
farads across the coupling resistors. The susceptance of 
20 x10 0°" farads ‘at 10" cycles is 125 micromhos. For a reduc- 
tion of 1 Db below the medium frequency gain the conductances 
of the coupling resistor plus the plate conductance would have 
to be 277 micromhos. The gain would be ggp/277 x 107% = 32.5 
and the combined resistance of the two coupling resistors would 
be 3630 ohms. The phase shift would be approximately 27° which 
would be very bad for a video-frequency amplifier. Furthermore 
one megacycle is not high enough for a video-frequency amplifier 
in a good television transmitter or receiver. 

High-frequency Compensation. Some compensation of gain 
and phase shift can be achieved at the high frequencies in a 
resistance-capacitance-coupled video-frequency amplifier by 
placing a small inductance in series with the coupling resistor 


Footnote continued 
Pulses of a microsecond duration or less are in practical use; to ampli- 
fy such a pulse would require an amplifier to pass a fundamental fre- 
quency of one megacycle and such harmonic frequencies as may be re- 
quired to give specified reproduction of the original. 


~~ so 
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Ro. The circuit diagram is shown in Fig. 3-48. The expression 
for the voltage amplification at the high frequencies is 


Fic. 3-48. Resistance-capacitance-coupled amplifiers 
with high-frequency compensation by Le. 


E 


AE™ Eat fi “ wL ae) 
= eee ad - | 
Spi + Ggo + REG yepe + JleCo-Re Gare) 
R : wh 
where Re + wie - j RZ + wie is the admittance of the cou- 


pling resistor circuit and Ce is the effective capacitance 
shunting the coupling circuit. For a pentode Co is nearly equal 
to the output capacitance of the input tube plus the input ca- 
pacitance of the output tube, including sockets and wiring. 

Pentodes are used for video-frequency amplifiers and the 
frequency range extends into a few megacycles. Then the con- 
stants of the circuit are such that gp, and Ggo in the above ex- 
pressions are negligible compared to the other quantities of the 
denominator. Under these conditions 


nie 
Zepkc ge ee. 


i 
en (3-99) 
f f 2 
—8— + =z D© +1 - 2D 
$ f, 
where D= Bem and 2nfe = 
CeRc Rc Ce 
i f 
Setting 2nfe = —— makes = = 1 when the reactance of the 
RcCe fe 


capacitance Ce is equal to the coupling resistance R,. This 
also permits changing D by changing Le, without disturbing fe. 
Without the compensation due to Le, i.e. D = 0 because le = 0, 
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~ mBepike hs Yeap he -100 
2 Ho” A pai ae poke tte (3 
fe 
i RE Reaping eee ears (3-101) 
ES frm Ro tw Cee 2 
Ll + Pe 


where Am = -8gpiRc is the medium-frequency gain. 
With compensation the phase shift is 


2 £ f 
91,2 tan-> = ies D - = D) (3-102) 
Peres pe 


Without compensation the phase shift is 6, tar f/f es 


Figure 3-49 shows how gain and phase shift are related to vari- 
ous values of D, including the uncompensated case, D= 0. A 
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Fic. 3-49. Gain and phase shift characteristics of a video-fre- 
quency amplifier with high-frequency compensation. 


value of D between 0.4 and 0.5 gives almost constant gain up to 
a frequency equal to fe but there is not much reduction in phase 
shift from the uncompensated case when f = f,. Since the ca- 
pacitance Ce is fixed by the kind of tubes, sockets and wiring 
there is no control over Ce after a selection of these has been 
made. Thus the only way to achieve a high value for f, is to 
select Re properly and the higher fe is made the lower will be 
the gain of the amplifier over the entire range. After selecting ~ 
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Ro for the predetermined frequency ff, an inductance L, is added 
in series with Ro which will give a value of D between 0.4 and 
0.5. It should be recognized that the compensated amplifier has 
a higher medium-frequency gain than the uncompensated type for 
the same gain versus frequency characteristics. 

Low-frequency Compensation. It was pointed out in Sec. 
3-6 on the resistance-capacitance coupled amplifier how low- 
frequency compensation can be achieved. In the case of video- 
frequency amplifiers where special pentodes are used the approx- 
imations involved in arriving at the simpler expression for the 
gain are valid. That is Rs >1Csg, Rgo >>Re and 
Re + 1/(w°CaRs) <<rp. Then the gain and phase shift are given 
by expressions 3-24 and 3-25. 


B. LOW-PASS FILTER COUPLING. Since it is desirable to 
have ga type of coupling impedance that is constant and either 
produces no phase shift or has a phase shift that is directly 
proportional to the frequency for a video amplifier it occurred 
to some of the early workers in this field that the proper kind 
of a low-pass filter could be used in place of the coupling re- 
sistance Re. When a low-pass filter is terminated in its char- 
acteristic impedance its input impedance is equal to the char- 
acteristic impedance. Certain m-derived filters have character- 
istic impedances that are nearly constant and nearly equal toa 
pure resistance over the pass band. Hence if such a filter can 
be found, nearly matching a pure resistance, the filter can be 
terminated in a resistance. The shunt m-derived T type has 
nearly these properties when m= 0.6. Then for the coupling 
impedance a low-pass filter is built up which makes use of the 
tube capacitances for the shunt arm capacitances and the termi- 
nating section is a half T section of shunt m-derived. A typi- 
cal filter of this type is shown in Fig. 3-50. The input inm- 
pedance of this filter is nearly equal to the characteristic im- 
pedance of a nm type constant-K section. The characteristic im- 
pedance of the n type constant-K filter is, in terms of the cut- 
off frequency f,, 


Fic. 3-50. Schematic low-pass filter for an 
amplifier coupling impedance. 


152 ULTRA-HIGH-FREQUENCY TECHNIQUES 


Zon = sass: (371039 
Lay ge 
Cc 


This is approximately the input impedance, measured across the 
terminals a-b, of the filter. It is desired to have the input 
impedance constant over the pass band so that the voltage ampli- 
fication of the input tube will remain constant. This can be 
accomplished by adding capacitance in parallel with Co. When 
this is done the expression for the input impedance of the fil- 
ter becomes 


Zz, = (3-104) 


aR jwls, 


Zon 
where Cg is the added shunt capacitance. Substituting in the 
above expression the expression for Z,, there results 


gs NT ss SOM a pan eg 21H 
i" fl - (f/fe)= + juCeRe Faye 
R 
Cy Se SS (3-106) 


Ll h/ fs eet Oe Re 
The input impedance will be independent of f when 


ae we ut 1 
2 Se eee ee 
W Cg Rg = woe Ory C, Ro onfsRe 


1/nfcRe is the total shunt capacitance of a constant-K low-pass 
filter. Hence the input impedance to the filter of Fig. 3-50 
will be substantially constant over the pass band when the ca- 
pacitance Co is equal to the total shunt capacitance of a con- 
stant-K filter and when the m-derived half T section next to 
the load resistance Re has a value of m= 0.6. 

The phase shift through an ideal amplifier should either 
be zero or directly proportional to the frequency. Under these 
conditions the velocity of transmission will be independent of 
frequency and the wave shape of the output will be exactly the 
Same as the input. When no capacitance is added to the input of 
the filter, which is used for a coupling impedance, the phase 
angle of the input impedance is zero and the output voltage of 
the input tube is 180° out of phase with the input voltage. How- 
ever the gain varies with the frequency. When shunt capacitance 
equal to 1/2nf~Re is added to the input of the filter the gain 
is independent of the frequency and the phase shift through the 
tube becomes lagging and is given by the expression 


“a ai 


f 
= 1 


6 = tan” 


(3-107) 
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The phase shift varies from O to 90° over the pass band and is 
not quite linear with frequency. The departure from linearity 
occurs mostly just below the cutoff frequency. When the added 
capacitance is made a little greater than the above value the 
phase shift becomes nearly linear with frequency but the im- 
pedance varies with frequency. Figure 3-51 illustrates the 
phase shift and gain. The gain over the pass band is A = @gpRc. 
The constants of a filter of this type, Fig. 3-50, are related 
to each other as follows: 


. Ro aL 
90 = = = => 
Ti = le co iO setae eee 
uf O15 

Vea KER. hei mene 
e 
] 2 
o yee See ec _ mhi 

PSone PRG SES Nes 


when m= 0.5 Co is 80 per cent of nf oRe 


If the plate of the input tube 
Se and the grid of the output tube were 
Fic. 3-51. Phase shift when Oth connected to the input terminals 
C, =2/xf- Re. a-b of the filter, Co would be the out- 
put and input capacitances of these 
tubes and this would be the lowest pos- 
sible value of Co and the maximum possible gain would be 
Zep/M io Co. Since there is no attenuation over the pass band the 
voltage developed between points c-b and d-b is the same as the 
voltage a-b and differs only by the phase displacement. Conse- 
quently the plate of the input tube may be connected across the 


Fic. 3-52. Low-pass filter arrangement for a coupling impedance in a 
video-frequency amplifier. 


input terminals a-b and the grid of the output tube connected 
to terminals c-b, or c-d, and vice versa. This connection 
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separates the tube capacitances and permits reducing the shunt 
capacitances of the low-pass filter and thereby makes it possi- 
ble to obtain a higher gain. 

In order to keep the d-c plate voltage off the grid of 
the output tube it is necessary to use a coupling condenser and 
grid leak resistor. This combination introduces amplitude and 
phase distortion at the lowest frequencies which can be compen- 
sated by the method given for a resistance-capacitance-coupled 
amplifier. 

In video-frequency amplifier construction more care must 
be taken than with an audio-frequency amplifier because of the 
high frequency range of the amplifier. By-pass condensers for 
the screen and plate circuits must be large to be effective at 
the lowest frequency and must be paralleled with small r-f con- 
densers to be effective at the highest frequencies. Cathode by- 
pass condensers must be very large in order to prevent cathode 
current feed-back at the low frequencies. All plate and grid 
leads of the tubes should be as short as possible and the grid 
coupling condenser should have as small a capacitance to ground 
as possible. The coupling resistors and filter inductances 
should not have excessive residual capacitances. The coupling 
resistance of the resistance-capacitance-coupled amplifier can 
be inductive provided its inductance is equal to or less than 
the inductance required with a pure resistance to give the 
proper compensation at the highest frequencies. 


PART 4, RADIO FREQUENCY POWER AMPLIFIERS 


3-20. The Class © Power Amplifier.- When the output 
circuit of an amplifier is of such nature that the impedance to 
the operating frequency is quite high and has nearly unity power 
factor whereas to all other harmonic frequencies the impedance 
is very low and has nearly zero power factor operation of a sin- 
gle tube need not be confined to its nearly linear volt-ampere 
characteristics. With an output impedance of this nature the 
tube generates, or converts, a large amount of power of the 
fundamental operating frequency as compared to the harmonic 
power even though the a-c plate current is made up of a funda- 
mental and a large amount of harmonics. Figure 3-53 illus- 
trates a typical Class C amplifier circuit except no neu- 
tralization of the grid-to-plate capacitance is shown. For 
& given d-c plate potential the grid is biased beyond cutoff 
and a-c plate current flows for only a fraction of the in- 
put cycle. An amplifier operated in this manner is known 


| 
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as a Class C power amplifier.** 
Figure 3-54 illustrates the mode of 
operation and the general nature of 
the a-c plate current and a-c plate 
voltage. The a-c plate voltage is 
nearly a sine wave because the im- 
pedance of the parallel circuits of L, 
R, and C is low to all harmonic fre- 
quencies except the fundamental. The 
efficiency of power conversion is rela- 
tively high because practically all of 
the plate current flows when the in- 
stantaneous plate potential is consid- 
Fic. 3-53. Schematic diagram erably below the average plate poten- 
of Class C amplifier circuit; +151. this results in a given a-c 
neutralization not shown. 
power output for less d-c power input 
than is found in the other classes of 
amplifiers. 

Analysis of a Class C Amplifier. Both the mathematical 
and graphical analysis of a Class C amplifier are much more in- 
volved than that of a Class A amplifier. In the Class A ampli- 
fier operation is confined to the nearly linear characteristics 


Fic. 3-54. Mode of operation of a Class C amplifier. is angle of plate 
current flow. 


of the tube where » and rp are essentially constant over the 
complete cycle of the input voltage and the analysis becomes 


12. See Sec. 3-1. 
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one of finding the maximum ranges of the a-c plate potential and 
current for a given set of operating conditions that will result 
in nearly sinusoidal operation. Then the power output and ef- 
ficiency are determined from rather simple expressions. In the 
Class C amplifier, for a given d-c plate potential, the grid 
bias can be almost any value between cutoff and about three 
times cutoff. The angle of the input voltage over which plate 
current flows depends upon the d-c grid potential and the a-c 
grid and plate potentials. The peak value of the plate current 
depends upon the volt-ampere characteristics of the tube, the 
load impedance and the a-c input potential. The fundamental 
component of the plate current depends upon the angle of flow 
and the peak value of the total plate current. Consequently 

for every selected set of d-c grid and plate potentials there 
are many variables and any mathematical analysis must start with 
some assumed relation between plate current and grid and plate 
potentials such as:*? 


ip = Beplec fe} for @¢ rr S60 
and ip = 0 for eg +52 < 0 
or? + | 
Total Space Current = ip + ic = K(eg + =2)3/? 


m 


For the mathematical analysis based on these two assumptions the 
reader is referred to the two references given at the bottom of 
the page. 

The other alternative is to assume d-c operating poten- 
tials and work the problem graphically from the constant plate 
current E, - Ep characteristics or the constant grid voltage 
Ip - Ep characteristics. This too requires a large amount of 
work to arrive at the a-c input voltage, tank circuit impedance, 
and finally the power output for each set of assumed d-c po- 
tentials. There are however some considerations that have been 
obtained from practice that reduce the amount of work. In the 
first place the plate current is near enough to a part of sine 
wave that it can be considered thus. On this basis curves of 
lpm/Ipq and ipm/Ip plotted against 6p», the angle of plate cur- 
rent flow, are useful and are shown in Fig. 3-55; ipm is the 
maximum instantaneous plate current, Ipq is the d-c component 
of plate current and Ip is the peak value of the fundamental 
component of plate current. The angle 6, is measured from the 
peak to the cutoff as shown’”> in Fig. 3-54. This same figure 


13. "Communication Engineering," Everitt. 
14. "Radio Engineering," Terman. | 
15. Wagener, "Performance of Transmitting Tubes," Proc. I. R. E. Jan. 1937. 
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Fic. 3-55. Curves of current ratios in a Class C amplifier. 
Taken from Wagener. J, and J, are peak values of the 
fundamental, 


also shows the corresponding grid current relation which will be 
discussed later. 

Usually the tube manufacturer gives data on the maximum 
d-c plate voltage, plate dissipation and a-c power output for 
each Class C power amplifier. Assuming then a power output of 
Po watts equal to or less than the manufacturer's rating, the 
maximum value of the plate current ipm times the peak value of 
the a-c plate potential Ep is given by the relation, 


Epipm = 2DiPo (3-108) 
where Dy = 22 for an angle of flow of 61 degrees, and Ip and Ep 
p 


are the peak values of the fundamental components of a-c plate 
current and potential respectively. Next assume an angle 8, of 
current flow. From the eae of Fig. 3-55 it is seen that for 
angles of flow between 60° and 90° D Bose not change rapidly. 
Hence any reasonable value such as {ons will not be far from the 
best operating conditions. With an assumed angle of current 
‘flow the quantity Epipm becomes fixed. Now locate this product 
on each of the constant current curves of the E, - Ep character- 
istics. For each constant current value Ip the voltage Eb will 
have to be 
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2DiPo 
nd 


ra (3-109) 


Ep = Epa - Ep = Epa - 
where Epa is the d-c operating plate potential and Ep is the in- 
stantaneous plate potential for the current Ip. Greater ac- 
curacy will be obtained if the constant current lines are pro- 
jected as straight lines into the region of low plate potentials 
and the point Ih - Ey is located on its corresponding straight 
line instead of the actual curve which curves upward badly when 
the plate potential is low and the grid potential high. Only a 
few of the products of Ep,ipm will have to be located and these 
for the higher values of plate current. Now draw a curve through 
these points. From this curve it becomes apparent what the lower 
limit of the plate current ipm must be if the grid potential is 
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Fic. 8-56. Graphical solution of a Class C amplifier from E.—E> 
characteristic. 
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to be a little less than the minimum plate potential and still 
have the tube deliver the assumed power output with the assumed 
angle of flow. This is illustrated in Fig. 3-56. 

The next step is to draw a line from the tentatively se- 
lected ipm point, which lies on the locus of the Epipm values, 
to the d-c operating plate voltage such that it crosses the 
zero constant current line at a plate voltage Epc given by the 
relation 


Epc = Epa - Ep cos 0. 


Where this line, which is the dynamic voltage line, crosses the 
operating d-c voltage line Epa will determine the grid bias 
voltage Eca needed for the assumed conditions. The absolute 
sum of the grid voltages lying between the two extremities of 
the dynamic voltage line is the peak a-c driving voltage re- 
quired to produce the maximum value of the instantaneous plate 
current and to produce the assumed power output. 

The d-c power input is found by getting the ratio of ibm 
to Ipq for the assumed angle of flow from the curve of Fig. 3-55. 
Calling this ratio F,, the d-c power input becomes 


ai 
Pac = =" Epa- (3-110) 


The plate loss is Pp = Pac ~- Pac 
The plate circuit efficiency is Pac/Pac 


The tank circuit impedance Roi required to produce the assumed 
operation is 


_Ep* ( ll 
Rou 2Pac 3-111) 
where Ep is the peak value of the a-c voltage required to pro- 
duce the maximum current ipn. 

If the results of the first trial show too much plate 
dissipation, or insufficient. power output, or too low efficiency, 
then a@ new value of ipm or 8 must be assumed and the procedure 
carried out as before. If many calculations have to be carried 
out it will save time in locating the grid bias to be used by 
constructing a triangle on transparent material like the one 
shown in Fig. 3-57. This triangle is used by placing its base 
line a-b over the constant potential line Epa. The minimum 
plate potential line Epa - E) will then cross the slant side 
a-c at a point p. A line parallel to the side b-c through point 
p will cross the flow angle line at a potential Eoei which will 
be the potential at which the dynamic E, - Ey, cuts the constant 
cutoff current line. 

| Grid Circuit Relations. One approximate method for get- 
ting the a-c driving power and the power loss in the grid 
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Fic. 8-57. Triangle for facilitating the location of a 


dynamic line on E, — & chart. 


assumes the grid current is part of a sine squared function. 

The curves for the ratio of maximum grid current to the d-c grid 
current and maximum grid current to peak value of the fundamental 
component are used in the same manner as the corresponding curves 
for the plate circuit. To carry out the analysis by this method 
involves the angle of grid current flow which is considerably 
less than the angle of plate surrent flow. The angle of grid 
current flow depends only on the grid bias potential and the 
maximum positive grid potential because grid current flows only 
while the grid is positive with respect to the cathode. The 
maximum value of the grid current is determined from the grid 
current characteristic and the peak value of the fundamental 
component of grid current and d-c grid current are determined 
from the curves of Fig. 3-55. 

The a-c driving power is IgiEg/2. Part of this power is 
dissipated in the C bias and the rest is dissipated by the grid. 
The power dissipated in the C bias is EgqgIcqg. Hence the power 
dissipated by the grid is 


I 
re feat si a Bp (3-112) 
where Igi and Eg are peak values. 

Tank Circuit Considerations. The impedance presented 
to the tube by the parallel circuit of L, R, and C and the load 
is 

ih ee = be 


ReXo* : C 
oA RS es eS ee eee i 
2°..55R Tenn we Henne, (S-2Aay 
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2 
where Xo = oO? X, = wh and X = wh - —~ and Re is the resistance 


of coil L plus the load resistance transferred effectively in 
series with L. If the load is coupled or connected to L in such 
a@ manner that it changes the reactance of the coil branch this 
also must be taken into consideration. 

For the operating frequency f, the eiroult is adjusted 


to have an impedance substantially, Zoi = a WiLQe1 which 
6 


is resistance and has unity power factor. This is the im- 
pedance Roi that was previously used for the relation between 
a-c plate potential and a-c power output. The fundamental com- 
ponent of plate current flowing through this impedance produces 
the a-c plate voltage. The a-c plate voltage will be nearly a 
sine wave if the impedance Zo is small at the harmonic fre- 
quencies. The impedance Zo for the second harmonic frequency 
is approximately 

Zoz = “2 - j 5 wl 
which is largely reactive. Neglecting the resistive term and 
using Zoi and Qei 


see Zo WiL oe 
Zoz j Ti5Qe, where Qe1 is Re (3-114) 
For the third harmonic 
Zos = -j au (3-115) 
ae 2.75Qe1 


For Qei equal to greater than 10 the impedance for the second 
harmonic is equal to or less than 6.66 per cent of the funda- 
mental frequency impedance, and the third harmonic impedance is 
equal to or less than 3.6 per cent of the fundamental frequency 
impedance. The second and third harmonic currents are much 
smaller than the fundamental component. Hence with a Qei fac- 
tor greater than 10 the harmonic content in the plate voltage 
is only a few per cent of the fundamental. 

In practice it is generally easy to measure the a-c cur- 
rent in the tank coil or condenser circuit and compute the a-c 
plate voltage. The a-c plate voltage times the coil current 
gives the volt-amperes in the coil circuit. From these volt- 
amperes and the watts output Qe1 is obtained as follows 


_ Wal . willy* Ey Aare 
Qer R, ol “hr? Po (3 ) 
where I;(=E/wL) is the current in the coil branch. The current 
in the coil branch is nearly equal to the current in the con- 
denser branch. 
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Grid Bias. Grid bias for a Class C amplifier is usually 
obtained by placing a resistor in the grid circuit. This re- 
sistor is by-passed by a condenser so that the impedance is low 
to the driver. The d-c grid current flowing through the bias 
resistor gives the necessary bias voltage for the grid. Hence 
for a bias voltage of Eceqg volts the value of the grid resistor 
mist be Rgb = Ecd/Ica- For cases where the exciting voltage is 
apt to be interrupted some fixed bias is necessary to prevent 
damage of the tube because the self-bias will be zero and the 
tube will draw a heavy d-c plate current unless some fixed bias 
is provided. 


3-21. Class B Tuned Power Amplifier.- The Class B tuned 
power amplifier can be considered as a special case of Class C 
operation with an angle of plate current flow equal to 90°, that 
is, plate current flows for the full positive half cycle of the 
input voltage. The typical circuit diagram is the same as that 
for the Class C amplifier. Operation with respect to the Ip-E, 
characteristic is similar to that of Class C except that the 
grid is biased to practically plate current cutoff for any 
specified d-c plate potential. The efficiency of operation is 
about the same as a Class B audio (untuned) amplifier and is 
less than the efficiency of a Class C amplifier. However, as 
will be seen later, the special property of a Class B amplifier, 
when properly adjusted, is the nearly linear relation between 
the output voltage, or output current, and the input voltage. 
This property makes a Class B amplifier suitable for a power 
amplifier in a radio transmitter after amplitude modulation has 
been produced. An amplifier operating with more than cutoff 
bias causes modulation distortion because the output voltage is 
not linear with respect to the input voltage. In general, a 
Class C amplifier will increase the percentage of modulation 
and will cause over modulation for an input voltage that is 
nearly 100 per cent modulated because no plate current will 
flow when the instantaneous grid voltage is below cutoff volt- 
age. 

When a Class B amplifier is suitably adjusted for in- 
creasing the power level of a modulated source and an a-c volt- 
age of constant amplitude is applied to the input the plate cur- 
rent is composed of nearly half sine wave pulses each of which 
occurs when the grid voltage is positive with respect to the 
bias voltage. A Fourier analysis for this kind of a current 
shows that the component of current of fundamental frequency 
has a peak amplitude equal to half the peak amplitude of the 
half sine wave pulses. The fundamental component of current 
flowing through the output impedance of the amplifier, which is 
tuned to the operating frequency, produces an a-c plate poten- 
tial that is nearly a sine function. There are some harmonics 
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but these are relatively small and do not greatly alter the 
analysis for the power output at the operating frequency. Under 
these conditions the total plate current is given by the expres- 
sion 

1p = Egp&e sR Sp&p for Og ie Ecc > 0 
and ip = 0 for eg + Ecce < 0 


since Sip and @p = -ipiRoi 


f+ 
Ko) 
ew 
i) 


where ip1 is the a-c plate current component of the operating 

frequency and Roi is the impedance of the tank circuit at the 
operating frequency. 

From these relations Ip. = afte 

Pp + Ro 

where Eo and Eg are either rms or peak values. 


These expressions for the fundamental component of Ip and Eo can 
yield reasonable accuracy only when the dynamic curve of ip and 
ep is nearly a straight line. 

In order that a Class B amplifier raise the power level 
of a modulated wave without distortion there must be a linear 
relation between the envelope of the output voltage and the en- 
velope of the input voltage. This means the dynamic relation 
between I}, and E, must be nearly a straight line over the com- 
plete range of E, from cutoff to the positive peaks. Hence any 
graphical analysis for the voltage or power output must be car- 
ried out for several values of input voltage from zero to twice 
the carrier in order to make sure of the linearity of the ampli- 
fier to twice the carrier voltage. This involves a large amount 
of work even if one were certain at the start what region of the 
characteristic curves would give a nearly linear relation. Some 
of the work can be reduced by the following procedure. First 
determine the point of maximum ip and minimum Ep on the Ey, - Ep 
constant current chart for four times the desired carrier power 
output. This is carried out as described for Class C operation 
except for an angle of flow of olahge Then draw a line from this 
point to the point where nearly plate current cutoff cuts the 
assumed d-c voltage Eca. Next plot a curve of plate current 
versus grid potential, values to be taken from Ec, - Ep chart. 

If this curve is nearly a straight line the assumed operation 
will nearly give linearity between Eo and Eg. On the other hand 
if this curve departs seriously from a straight line linearity 
between Eo and Eg cannot be expected. A new set of conditions 
must be assumed and the procedure repeated until a nearly linear 
curve between Ip and E, is found. And finally having found a 
suitable region of operation the a-c power output can be deter- 
mined for several constant values of a-c input voltage from zero 
to twice the voltage of the carrier. If the a-c power is 
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proportional to the square of the input voltage, or nearly so, 
the amplifier will perform in a satisfactory manner. However 
there still remains the determination of the d-c power input and 
efficiency. 

In the above graphical analysis a d-c operating voltage 
was assumed. If a preassigned efficiency of operation is as- 
sumed the relation between the d-c plate voltage and the peak 
value of the a-c plate voltage becomes fixed. Practical effi- 
ciency factors for carrier input voltage conditions range be- 
tween 0.3 and 0.35. For an input voltage equal to twice the 
carrier voltage the efficiency factor is doubled. The relation 
between Epa and E,, for carrier condition is Ep, = 1.27 €cEpa, 
when there is linearity, where €is the efficiency factor. For 
twice carrier conditions Epeac = 2.54 EcEpa. For a carrier effi- 
ciency factor of 1/3, Epec = 0.84 Epa, where Ep is the peak 
value of the a-c plate voltage for an a-c input voltage equal 
to twice the carrier voltage. This is the relation by which the 
d-c plate voltage can be located for the assumed peak a-c plate 
voltage or vice versa. 


3-22, Neutralization of a Tuned Power Amplifier.- When a 
triode tube is operated with a parallel circuit of L, R, and C, 
in the plate circuit or any circuit that may be inductive at or 
near the frequency of any resonant tank circuit on the grid side 
of the tube, there is an excellent chance of self-oscillation 
unless proper methods are used to prevent them. It was pointed 
out in Sec. 3-3 that the grid-to-plate capacitance of a triode 
caused the input impedance to have a negative resistive com- 
ponent when the output impedance is inductive. The negative 
resistance means power is fed back into the grid circuit in 
such a way that the necessary power to drive the grid from an 
external source can be reduced or made equal to zero. When the 
external power needed is zero the tube becomes self-excited and 
ceases to be of any value as an amplifier. 

The way to overcome this effect in a triode amplifier is 
to arrange a connection between the grid and plate that will re- 
sult in a positive resistance component which will effectively 
cancel out the negative resistance component caused by the grid- 
to-plate capacitance. There are several ways of doing this. 

The simplest is to connect a coil in series with a blocking con- 
denser between the plate and grid. The reactance of the coil 

is made equal to the reactance of the grid-to-plate capacitance 
at the operating frequency. The more successful methods are 
illustrated in Fig. 3-58. Either of these circuits is equiva- 
lent to a balanced bridge circuit. In either case a positive 
resistance is introduced into the grid circuit through the 
neutralizing condenser Cy which is just equal to the negative 
resistance caused by the grid-to-plate capacitance Cgp. Best 
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Cn 
(b) 

Fic. 3-58. Two methods for neutralizing the effect of the grid to plate 
capacitance in a triode tuned power amplifier. 


results are obtained when the split tank condenser to which the 
neutralizing circuit is connected has equal capacitances on both 
sides of the neutral. Under these conditions Cn = Cgp. The 
system of Fig. 3-58b is more economical for large single-ended 
power tubes because it does not require a split tank condenser 
in the plate circuit. For push-pull amplifiers there would be 
no difference in cost because there is a neutral or ground con- 
nection either on the tank coil or tank condenser. 

One method for adjusting the neutralizing condenser in 
practice is to apply exciting voltage to the grid with the plate 
voltage removed. Then with the aid of a resonance indicator 
such as a few turns of wire and milliammeter or wavemeter cou- 
pled to the tank coil tune the tank circuit to resonance; if 
necessary throw the neutralizing condenser off so as to get a 
good indication on the resonance indicator. Then finally adjust 
the neutralizing condenser until there is no indication of cur- 
rent in the tank coil and the circuit will be properly neutral- 
ized. 


3-23. Frequency-Multiplier Amplifiers.- Most Class C 
power amplifiers are driven by other Class C amplifiers called 
buffer amplifiers and these buffer amplifiers in turn are ex- 
cited from quartz crystal controlled oscillators. It is not 
practical to grind quartz crystals for stabilizing the frequency 
of an oscillator in excess of about 10 megacycles. Consequently 
when a higher stabilized frequency than this is wanted the crys- 
tal oscillator is adjusted for some sub-multiple of the desired 
frequency of the final power amplifier. Then one or more of the 
Class C amplifiers between the oscillator and final amplifier 
are operated as frequency doublers or triplers. That is, they 
are operated as frequency multiplier amplifiers where the out- 
put frequency is two or three times the input frequency. 
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In a frequency-multiplier amplifier the output tank cir- 
cuit is adjusted to an integral multiple of the input frequency. 
For these conditions then the tank circuit offers a high im- 
pedance to a harmonic frequency of the input and very low im- 
pedances to the fundamental and all the other harmonic frequen- 
cles. The a-c plate voltage of the tube is nearly sinusoidal 
but a multiple frequency of the input voltage. For example in 
a frequency doubler the tank circuit is tuned to twice the fre- 
quency of the input, or exciting, voltage of the tube. Hence 
if the exciting voltage is Eg sin wt the plate voltage will be 
Ep Sin ewt. Minimum plate voltage occurs when the grid voltage 
is a maximum because the instantaneous plate current is a maxi- 
mum. The voltage and current relations are illustrated in 


Figs:3-59. 


o Voltages and Current 


Fic. 3-59. Current and voltages in a frequen- 
cy doubler. 


In a frequency-multiplier amplifier the d-c operating 
and exciting voltages are adjusted so that plate current flows 
for 180° or less of the plate voltage cycle. If plate current 
is allowed to flow during the same fraction of the input volt- 
age cycle as in the case of the normal Class C amplifier a part 
of the plate current will flow when the plate voltage is equal 
to or higher than the d-c voltages, with the result that the 
plate losses will be excessive and the efficiency low. Hence 
the angle of plate current flow with respect to the input cycle 
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for a frequency multiplier is about equal to 90°/n, where n is 
the ratio of the output frequency to the input frequency. It 

is to be remembered that the angle 0p of plate current flow is 
used for only half of the total time during which plate current 
flows. To bring about a smaller angle of plate current flow and 
still operate with about the same ip maximum as in the case of 
the normal Class C amplifier requires a higher grid-bias voltage 
for the frequency-multiplier amplifier. 

The power output of a frequency multiplier is about 1/n 
times that of a normal Class C amplifier because only one plate 
current pulse, which lasts for about 180° of the plate voltage 
cycle, flows for every n cycles of the plate voltage. The al- 
ternating component of plate current that has the same frequency 
as the plate voltage is about equal to 1/n of the corresponding 
current in a normal Class C amplifier. The d-c power input is 
also reduced a corresponding amount. 
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Chapter 4 


Trigger Circuits (Gates), Pulse-sharpening Circuits 
and Oscillators 


Trigger circuits, first described in i910, have become 
increasingly useful in recent years and now find many applica- 
tions as the basis of electronic switches and pulse-forming cir- 
cuits. Since all trigger circuits may also form the basis of 
relaxation and negative-resistance oscillators, a discussion of 
trigger circuits serves as a logical introduction to. a treatment 
of these types of oscillators. Trigger circuits may be defined 
as circuits which, for fixed values of applied voltage and cir- 
cuit parameters, have two stable conditions of equilibrium. The 
currents and voltages in such circuits can be made to change 
abruptly from one set of stable values to the other set of stable 
values at a critical value of some resistance or impressed volt- 
age, and to change back to approximately their original values 
at a different critical value of resistance or impressed voltage. 


4-1, Theory of Trigger Circuits.- The criterion as to 
whether a circuit element can serve as the basis of a trigger 
circuit can be determined from the characteristic current-voltage 
curve of the element. In Fig. 4-1, W represents the circuit 
element, R a resistance in series with the element, and Ep the 
Supply voltage. The voltage 
across the element Wis given 
by the equation 


E = Ey - RI (4-1) 


The voltage across the ele- 
ment is also a function of 
the current through the ele- 
ment, which may be indicated 

R by 
Fic. 4-1. Basie trigger circuit. 


E = f(I) (4-2) 


Since the form of eq. (4-2) is not in general simple, equilibri- 
um values of current may be found most readily graphically, as 
shown in Fig. 4-2. Equation (4-2) represents the characteristic 
curve of the element W. Equation (4-1) is that of a straight 


1. Eccles, W.H., and Jordan, F.W., Radio Rev., 1, 143 (1919). 
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line MN through a point on the voltage axis corresponding to the 
supply voltage E,, having a negative slope in amperes per volt 
equal to the reciprocal of the resistance in series with the ele- 
ment. Equilibrium values of current are determined by the inter- 
section of the characteristic curve with the resistance line. 

It can be seen from Fig. 4-2 that, if the characteristic 
curve has a portion whose slope is negative, the resistance line. 
may intersect the curve in three points: 1, 2, and 3, indicat- 
ing that there are three pos- 
3ible equilibrium values of 
current. Since, with E, and 
R constant, an increase of 
current from the value repre- 
sented by point 2 would be 
accompanied by a decrease of 
voltage across the element, 
more voltage would thus be 
made available to send cur- 
rent through the resistance, 
and the current would rise 
further. Conversely, any de- 
crease in current through the 
element would reduce the volt- 
age available across the resistance and thus cause a further re- 
duction of current. Point 2 therefore lies in a range of un- 
stable equilibrium and is not observed experimentally. If the 
applied voltage is raised progressively from zero, the intersec- 
tion moves along the branch OA of the characteristic curve. 

When the intersection is at A, an infinitesimal increase of volt- 
age causes the current to fall abruptly to the value at BE. Fur- 
ther increase of supply voltage causes the intersection to rise 
toward C. If the battery voltage is then decreased continuous- 
ly, the intersection moves down the branch CB until the point B 
4s reached, at which the current jumps abruptly to the value 
corresponding to point D. It can be seen that similar abrupt 
changes of current result if the slope of the resistance line is 
varied by changing the resistance R, or if the characteristic 
curve is displaced vertically or horizontally. With trigger 
circuits incorporating vacuum tubes, this displacement can be 
accomplished by varying one or more electrode voltages. 

From the above analysis it follows that a circuit ele- 
ment whose current-voltage characteristic has a portion with 
negative slope may serve as the basis of a trigger circuit. 

This is equivalent to saying that the element must have a nega- 
tive a-c resistance over a portion of its current range. 


Fic. 4-2, Negative-resistance characteristic. 


4.2, Tetrode Trigger Circuits.- The plate characteris- 
tics of screen-grid tetrodes are similar in form to the curve 
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of Fig. 4-2. Hence it is to be expected that a trigger circuit 
can be formed by introducing a resistance in series with the 
plate supply voltage. The slope of the negative-resistance por- 
tion of the plate characteristics of modern tetrodes is so low, 
however, that series resistances of the order of 100,000 ohms or 
greater, and correspondingly high values of plate supply voltage 
must be used. For this reason, and because of change in shape 
of the characteristic with tube age as the result of changes in 
secondary emission, this type of circuit has found little or no 
application. The student should, however, keep it in mind as a 
possible tool in future problems. The circuit can be triggered 
by varying any of the electrode voltages or the series resist- 
ance. 


4-3, Pentode Trigger Circuits- Figure 4-3 shows the 
characteristic relating the screen current 1,, of a pentode with 
the screen voltage e,, when the suppressor is connected to the 
screen in such a manner that a change in screen voltage is ac- 
companied by a proportional change of suppressor voltage, the 
Suppressor voltage being 
maintained negative and the 
plate positive.- Since this 
curve is of the general form 
of that of Fig. 4-2, the in- 
troduction of resistance in 
series with the screen supply 
voltage of a pentode with 
screen-suppressor coupling 
results in a trigger circuit. 
Figure 4-4 shows such a cir- 
cuit, in which resistance 

€eo coupling is used between the 
screen and the suppressor.® 


tee 


Fic, 4-3. Characteristic of screen current The circuit may be triggered 
7c2 vs screen voltage ¢cz for pentode, 


change Aeécs in suppressor voltage by means of voltages in series 
cde de with any of the electrode sup- 


ply voltages, by voltage pulses 
impressed upon one of the 
grids through a condenser, as shown in Fig. 4-4, or by changes 
of circuit resistances. The control grid is the most sensitive 
electrode for the purpose of triggering. The values of the sup- 
ply voltages are not critical, but the proper relation must be 
maintained between them. The circuit constants shown in Fig. 
4-4 are typical. 


2, Herold, E.W., Proc. I.R.E., 23 1201 (1935). 
3. Reich, H.J., Rev. Sci. Instr., 9, 222 (1938). 
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Fia. 4-4, Pentode trigger circuit. 


A physical explanation of the operation of the circuit 
is not difficult. Suppose that the screen current has its lower 
equilibrium value, and that the screen voltage is reduced. The 
reduction of screen voltage tends to reduce the screen current, 
but, because of the coupling to the suppressor, it also makes 
the suppressor more negative. The increase of negative suppres- 
sor voltage decreases the plate current and thus increases the 
screen current, since electrons repelled by the plate are re- 
turned to the screen. In certain ranges of operating voltages 
the increase in screen current resulting from the increase of 
negative suppressor voltage is greater than the decrease in 
screen current resulting from the decrease in screen voltage, 
and so the net result is an increase of screen current. Since 
increased screen current is accompanied by a further drop in 
screen voltage as the result of RI drop in the screen circuit 
resistance, the action may become cumulative and the screen cur- 
rent rise to its higher stable value. The process may then be 
reversed by increasing the screen voltage. Because an increase 
of screen current is accompanied by a reduction of plate cur- 
rent, the plate current also has two stable values, the higher 
of which corresponds to the lower value of screen current. By 
proper choice of voltages and circuit constants, the lower value 
of plate current may be made zero. The possibility of making 
the lower value of plate current zero is important in certain 
applications of the circuit. 


4-4, Eccles-Jordan Trigger Circuit.- The best-known and 
most useful trigger circuit is that devised by Eccles and Jordan 
and shown in basic form in Fig. 4-5. This circuit functions by 
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virtue of the fact that only one tube at a time passes plate cur- 
rent. This may be readily shown by a physical analysis of the 
circuit. Let it be assumed that an equilibrium condition exists 
in which both tubes conduct 
Simultaneously. Then an in- 
crease of current in either 
tube increases the voltage 
drop in the corresponding 
coupling resistance and thus 
increases the negative grid 
voltage of the other tube and 
reduces the plate current of 
the other tube. This in 
turn reduces the negative 
grid voltage of the first 
Fic. 4-5. Basic Eccles - Jordan trigger eircuit. tube and causes further in- 
crease of plate current of 
the first tube. The action is cumulative, and so the current of 
one tube falls to zero. 
Triggering of the Eccles-Jordan circuit is also predict- 
ed by an analysis based upon a current-voltage characteristic of 
the circuit. Figure 4-6 shows a curve of external current that 
flows as the result of the application of direct voltage between 
points A and B of the circuit of Fig. 4-5. Over a limited range 
of impressed voltage the current flows in the direction opposite 
to that in which the applied voltage alone would cause it to 
flow. Between points A and B, therefore, the circuit acts like 
a@ negative resistance. When a battery Ep is connected to the 
points A and B through a resistance R, as shown by the dotted 
lines of Fig. 4-5, the corresponding resistance line is the line 
MN in the current-voltage diagram of Fig. 4-6. If R exceeds in 
magnitude the value of the reciprocal of the slope of the curve 
at point 0, abrupt changes of current through R and of voltage 


Fic. 4-6. Current-voltage charateristic between 
points A and B of the circuit of Fig. 4-6. 
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between A and B can be made to occur by varying Ep or by shift- 
ing the characteristic curve by changing the operating voltages 
of the tubes. If R is increased, MN becomes more nearly hori- 
zontal and, in the limiting case, when R is infinite, coincides 
with the voltage axis. The external current is then zero, but 
changes in electrode voltages can cause an abrupt transfer of 
current irom one tube to the other and a reversal of voltage 
between A and B, corresponding to the intercepts P and Q of the 
characteristic on the voltage axis. The equilibrium voltage be- 
tween A and B is then equal to the product of Rp and the equi- 
librium plate current of one tube. Ordinarily this circuit is 
used without the external resistance R and the battery Ep, the 
circuit being triggered by changes of grid or plate voltages of 
such polarities as to reduce the plate current of the conduct- 
ing tube or increase the plate current of the non-conducting 
tube. It should be noted, however, that the use of a voltage 
Ey and of an external resistance R only slightly lower than the 
magnitude of the reciprocal of the slope of the curve at O makes 
possible an abrupt reversal of current through the resistance as 
the result. of-only a very small change in the voltage Ey. This 
method of using the circuit is sometimes advantageous. 

The need for more than one voltage supply is avoided in 
the circuit of Fig. 4-7, in which the coupling between tubes is 
made by means of resistances of proper values to maintain the 
correct operating grid voltages. This circuit may be triggered 
by means of voltages introduced in series with the electrodes, 
by changes of the circuit resistances, or by means of voltage 
pulses applied to one or more electrodes through a transformer 
or through a condenser as shown in Fig. 4-7. The grid-cathode 
capacitance of the tubes in the circuit of Fig. 4-7 tends to 
prevent the grid voltage from changing relative to the cathode. 


C.=b0uuf 


Ls 


Triggering 


Fic. 4-7. Practical form of Eccles-Jordan trigger circuit. 
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The grid-plate capacitance couples the grids to the plates of 
the same tubes and thus tends to cause the grid voltage to 
change in the direction to prevent triggering. The plate-cathode 
capacitance tends to prevent the plate voltage from changing 
relative to the cathode. The interelectrode capacitances there- 
fore act in such a manner as to increase the triggering time and 
to reduce the reliability of operation. The effects of the in- 
terelectrode capacitances may be offset by the coupling condens- 
ers, Co, the capacitance of which is of the order of 50 upf. 
Because the voltage across these condensers cannot change in- 
stantaneously, a change of voltage of either plate results in a 
nearly equal instantaneous change of voltage of the grid of the 
other tube. Without the coupling condensers the voltage divid- 
ing action of the coupling and biasing resistors Re and R.' pre- 
vents the change in grid voltage from exceeding about one-half 
the change of plate voltage, and the action of the interelectrode 
capacitances reduces the change in grid voltage considerably 
below this value. Fi 

Another modification of the basic Eccles-Jordan circuit 
is shown in Fig. 4-8, in which the suppressor grids of pentodes 
serve the same function as the triode control grids of the cir- 
cuit of Fig. 4-7. A constant voltage is applied to the screen 
grids, as in the use of pentodes as voltage amplifiers. The 


Triggering Triggering 
voltage voltage 


Fic. 4-8. Modified Eccles-Jordan trigger circuit using pentodes. 


control grids are used for triggering the circuit. Because the 
high negative voltage of the suppressor of the non-conducting 

tube prevents the flow of plate current regardless of the volt- 
age of the control grid, the circuit cannot be made to trigger 


4. H.d. Reich, loc. cit. 
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by the application of positive voltage to the control grid of 
the non-conducting tube. The application of a negative pulse of 
voltage to the control grid of the conducting tube, however, re- 
duces its current to zero and thus triggers the circuit. If 
Short negative voltage pulses are applied simultaneously to both 
grids, the plate currents of both tubes remain zero during the 
duration of a pulse. By applying a higher negative voltage to 
the suppressor of the tube which has been conducting, the con- 
densers Ce insure the transfer of current to the other tube at 
the end of the triggering pulse. The size of the condensers 
should be such that the time taken for them to charge or dis- 
charge from one equilibrium value of voltage to the other value 
is large in comparison with the duration of the triggering im- 
pulse, but small in comparison with the time between successive 
pulses. Condensers of 50 uuf capacitance are usually satisfac- 
tory. Reliable triggering necessitates the use of triggering 
pulses of very short duration. 

The functions of the control and suppressor grids in the 
circuit of Fig. 4-8 may be interchanged, but the circuit is then 
Sensitive to triggering voltage of either polarity. It is also 
possible to connect the control and screen grids of pentodes as 
the triode grids and plates respectively are connected in the 
circuit of Fig. 4-7, and to take the output voltage or current 
from the plate circuits. 

The values of the resistances Rp, Rc, and R-' are not 
critical in the circuits of Figs. 4-7 and 4-8, but Re and R,' 
should be appreciably larger than Rp, and may usually be equal 
to one another. The plate currents decréase with increase of 
Rp, and the voltage across Rp increases. The choice of Ry is 
therefore governed to some extent by whether a current or volt- 
age output is desired from the circuit. Typical resistance val- 
ues are Rp = 10,000 ohms and Re = R,! = 250,000 ohms. Supply 
voltages as low as 223 volts may be used in these circuits, but 
the voltage output available across Rp increases with supply 
voltage. 

In using trigger circuits, any of the circuit currents 
may be used directly to operate a relay or other current- 
controlled device, or the voltage drop across one of the resis- 
tors may be used directly or applied to the grid of another 
tube to control its plate current. The circuits may be trig- 
gered by means of voltages applied to one or more electrodes, as 
already explained. Usually the circuits are so sensitive that 
the change of electrode voltage resulting from touching one of 
the tube electrode terminals is sufficient to cause triggering. 
The circuit of Fig. 4-8 can be triggered by negative control 
grid voltage as low as 3 volt. The Eccles-Jordan circuits may 
also be triggered by means of changes of illumination if 
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phototubes are connected in series with or in place of the re- 
sistances Rg or in parallel with or in place of resistors R,'. 


4-5, Circuits for Generating Rectangular Voltage Pulses,- 
Rectangular waves of voltage are produced across the screen or 
plate resistors of the circuit of Fig. 4-4 and across the plate 
resistors of the circuits of Figs. 4-7 and 4-8 when the circuits 
are triggered periodically. If the successive pulses are spaced 
so that the circuits remain in one equilibrium state longer than 
in the other, the positive and negative halves of the rectangu- 
lar waves are of unequal duration. Random rectangular pulses 
may be generated by the application of two triggering impulses 
separated in time by the required duration of the rectangular 
pulse. The first impulse triggers the circuit in one direction, 
and the second in the other. 

Periodic or random rectangular voltage or current pulses 
of controllable length initiated by single triggering impulses 
may also be generated by unbalancing a trigger circuit in such a 
manner.that it normally remains in one equilibrium state, and 
returns to that state after a short time interval if triggered 
into the other equilibrium state. This may be accomplished in 
the Eccles-Jordan type of circuit by the use of unequal bias on 
the grids of the two tubes. The grid of one tube may have zero 
bias or a small positive bias, the flow of high grid current 
being prevented by the grid coupling resistor. In order that 
the circuit return to its normal state after triggering, one or 
both of the coupling resistors Re are eliminated, and & compara- 
tively large value vf coupling capacitance C, is used. A typical 
circuit is shown in Fig. 4-9. 


Triggering aw 
| | 


Fic.4-9. Circuit for generating rectangular voltage pulses. 
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The operation of the circuit of Fig. 4-9 is as follows. 
The voltage divider controlling the grid bias of tube T, is ad- 
justed so that this tube normally carries plate current, but so 
that the circuit can be triggered. The application of a negative 
triggering impulse to the grid of Ti or of a positive impulse to 
the grid of Te stops the plate current in Ti and starts it in T3;. 
The resulting RI drop in Ry lowers the plate voltage of Tos. 
Since the voltage of the condenser Cc cannot change instantane- 
ously, the grid voltage of T, is lowered by an amount that is 
initially equal to the reduction of plate voltage of T;, and 
current continues to flow in Ts. The drop in voltage across Rp, 
however, causes current to flow into C0, through R,' and thus 
raises the grid voltage of T,. After a time interval that is 
determined principally by the magnitude of the time constant 
Ro'Cc, and to a lesser extent by the value of Rp and the supply 
voltage, the grid voltage of T, reaches a value at which the 
circuit again triggers, and current stops flowing in T,. If 
the resistance Rp is sufficiently small in comparison with R,'! 
so that the condenser current does not greatly affect the RI 
drop in Rp, the voltage pulse produced across Rp is rectangular 
in form. The length of the pulse is controlled by varying 
R-'C.. Obviously, periodic pulses of desired frequency may be pro- 
duced by the use of periodic triggering pulses. Similar results 
are obtained if the second coupling resistor, R., is replaced 
by a condenser, but there is then the possibility that the cir- 
cuit will oscillate in a manner to be explained in Sec. 4-9. 

The use of rectangular pulses ("square waves") in cir- 
Salt testing is: discussed in Ch. 1. 


4-6. Circuits for Generatins Triggering Pulses.- In or- 
der to insure reliability in triggering, the triggering impulses 
applied to trigger circuits must be pulses of very short dura- 
tion. Such a pulse may be produced by the simple RC circuit of 
Fig. 4-10 if R and C are small. If the direct voltage impressed 
upon the input to the circuit is changed abruptly, the condenser 
charges or discharges exponentially until its voltage equals the 
new value of impressed voltage. Voltage appears across the re- 
sistance only during the charging time. If the time constant 
RC is small, the charging time is short and an exponential pulse 
of short duration appears across the output of the circuit. A 
typical pulse” is shown in Fig. 4-11. If the input voltage is a 


5. The form of the pulse, assuming all inductance in the circuit may be ne- 
glected, may be derived from the differential equation of the simple RC 
circuit and is Ri = Ee. . ‘ The effect of a sudden change in applied 
voltage on more complex linear circuits usually requires analysis by a 
Fourier Integral or similar method, as outlined in Ch. 1. In the case of 
very short pulses it may be extremely difficult to obtain the sharp rise 
shown in Fig. 4-11. 


eS 
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Cc 
Input R 
Fic. 4-11, Form of pulse produced : 
by an abrupt change of direct 
Fic.4-10, Circuit for generating voltage in the input of the circuit 
triggering pulses (differentiating of Fig. 4-10. 


circuit ). 


periodic wave having discontinu- 

ities, such as a rectangular or 

triangular wave, an output pulse 

is produced at each discontinuity, 

as shown in Fig. 4-12. 

Sharp pulses may be de- 

rived from a sinusoidal voltage 

by clipping off the peaks of the 
wave by means of some form of voltage limiter before impressing 
it upon the circuit of Fig, 4-10. Figure 4-1%3a shows a simple 
biased diode circuit by means of which a sine wave may be con- 
verted into a wave approximating rectangular form. The output 
voltage increases with input voltage until the instantaneous im- 
pressed voltage is approximately equal to the biasing voltage. 
Current then starts flowing on one of the diodes and the RI 
drop in the series resistor prevents appreciable rise of output 
voltage. The solid curve of Fig. 4-13b shows the form of the 
output voltage. The output voltage may be amplified and applied 
to a Similar diode circuit in order to make the changes in volt- 
age more abrupt. By the use of a number of limiter stages the 


Fic. 4-12, Output voltage of the circuit of Fig. 4-10 
for square-wave input. 
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Sinusoidal 
input 


\ / 
ay NG 


Fic. 4-13b. Output voltage of the circuit 
of Fig. 4-18a. 


voltage may be made to approach as nearly as desired a true rec- 
tangular form. Application of this voltage to the pulse- 
sharpening circuit of Fig. 4-10 converts the square wave into 
periodic pulses which are alternately positive and negative and 
may be used for triggering. Peak clipping may also be accom- 
plished by the flow of grid current in an amplifier tube. 

A symmetrical voltage pulse may be obtained by use of 
the circuit of Fig. 4-14, which is a modification of that of 
Fig. 4-13. In this circuit the bias is made so high that cur- 
rent flows through the diodes only at the peaks of the voltage 
waves, and the output voltage across the resistance R is used 
for output voltage. If only one diode is used, the pulses are 
of one polarity only; if two diodes are used, as in Fig. 4-14, 
alternate pulses are of opposite polarity. By amplifying the 
output voltage and applying it to a similar circuit, the sharp- 
ness of the pulses can be increased. The duration of the pulses 
can be decreased to any desired point by the use of a number of 
stages. 
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Sharp periodic pul- 
ses of voltage can also be 
generated by a self-biased 
sinusoidal oscillator in which 
the biasing resistor and con- 
denser are so large that os- 
cillation ceases after a sin- 
gle cycle of oscillation and 


Sinusoidal does not start until the 
input lapse of an appreciable time. 
The action of such a circuit 
is explained in Sec. 4-25, 
Fic.4-14. Circuit for generating Figure 4-15 shows a typical 
symmetrical periodic pulses. circuit and Fig. 4-16 a typ- 


ical wave of voltage generat- 
ed by the circuit. If the frequency of oscillation of the Gire 
cuit is high, the pulse is of very short duration. The repeti- 
tion frequency is governed by the product RC. 


Fic. 4-15. Regenerative pulse-generating Fic, 4-16, Form of pulse generated 
circuit. (blocking oscillator ). by the circuit of Fig. 4-15. 


4-7. Relaxation Oscillators.-- Relaxation oscillators 
are oscillators in which one or more currents or voltages change 
abruptly at one or more times in the cycle of oscillation. Any 
trigger circuit can be transformed into a relaxation oscillator 
by incorporating condensers in the circuit in such a manner that 
triggering is followed by the charging or discharging of a con- 
denser. At a critical value of condenser voltage the circuit 
triggers back again. Relaxation oscillators are useful in many 
applications because of their high harmonic content, the ease 
with which they can be synchronized to some other source of al- 
ternating voltage by the introduction into the oscillator cir- 
cuits of small amounts of the external voltage, the wide range 
of frequency that can be obtained in a single oscillator, and 
their compactness, simplicity, and low cost. They are also of 
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great value in the production of saw-tooth voltages required for 
the operation of cathode-ray oscillographs. The high harmonic 
content of relaxation oscillators, on the other hand, makes them 
unsuitable for applications in which sinusoidal wave form is es- 
sential. 


4-8, Van der Pol Relaxation Oscillator.- Figure 4-17 
Shows» the circuit of. the Van der Pol relaxation. oscillator, which 
is derived from the pentode trigger circuit of Fig. 4-4 by re- 
placing the screen-suppressor coupling resistor by a condenser. 
The action of the circuit is as follows. Triggering of the cir- 
cuit from the higher to the lower value of screen current causes 


C 


lto&8v. 


Fic. 4-17. Van der Pol oscillator. 


an abrupt rise in screen voltage as the result of decreased RI 
drop in the screen resistor. Because the condenser voltage can- 
not change instantaneously, there is an initial change of sup- 
pressor voltage equal to the change in screen voltage. The de- 
creased negative suppressor voltage maintains the lower screen 
current, but a charging current immediately starts flowing into 
the condenser through Ri and the combination of R,z in parallel 
with the screen-cathode path. As the voltage across the con- 
denser rises, the suppressor voltage becomes more negative and 
at a critical value allows the circuit to trigger back to the 
higher value of screen current. The screen and suppressor volt- 
ages then fall abruptly, but as the condenser discharges, the 
suppressor voltage rises until the circuit again triggers. Fig- 
ure 4-18 shows the wave forms of the condenser and suppressor 
voltages. The screen voltage is similar in form to the suppressor 
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voltage. The wave is asymmetrical because during the charging 
of the condenser the screen current has its higher value and, if 
the suppressor swings positive, suppressor current may flow. 

The flow of suppressor current and the 


increase of screen current cause the 
aye iter eatin condenser voltage to change more rap- 
idly than during the discharge of the 


Fic.4-18. Typical wave form of condenser, when no suppressor current 

condenser current or suppress- flows and the*screen current is lower. 

or voltage for the circuit of The frequency of oscillation increases 

Fig. 4-17, with decrease of R, and Ce and is also 
dependent upon Rg. 


4-9, Multivibrator.- Figure 4-19 shows the circuit of 
the multivibrator, which is derived from the Eccles-Jordan trig- 
ger circuit of Fig. 4-7 by eliminating the coupling resistors Rez 
and increasing the capacitance of the coupling condensers Cc. 


Cee 


Fic. 4-19. Multivibrator. 


Triggering of the circuit is followed by the flow of currents 
into the condensers through the resistors Rc! and Rp. The re- 
Sulting change in condenser voltages reduces the grid bias of 

the non-conducting tube and raises the bias of the conducting 
tube, and finally causes the circuit to trigger back. If the 
circuit is completely symmetrical, the wave forms of the cur- 
rents and voltages are symmetrical. Figure 4-20a shows a typ- 
ical wave of grid and plate voltages and of condenser current 

for a symmetrical circuit. Figure 4-20b shows a typical wave 

of condenser voltage. The period of one-half of the cycle varies 
with the time constant (Ro, ' + Rps)Cee and that of the other half 
of the cyole with the time constant (Res' + Rpi)Cc z. If one 
time constant is made much smaller than the other, one-half of 
the cycle will be correspondingly shorter than the other. 
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Fic.4-20a. Wave form of Fic.4-206. Wave form of- 
condenser current of sym- condenser voltage of sym- 
metrical multivibrator. metrical multivibrator. 


4-10. Synchronization of Relaxation Oscillators.- In- 
troduction into relaxation oscillator circuits of small voltages 
having the same frequency, a multiple, or submultiple of the 
oscillation frequency synchronizes the relaxation oscillator to 
the control frequency. Small changes of oscillator circuit con- 
stants or voltages then do not change the frequency of oscilla- 
tion. With reasonable care in circuit adjustment, relaxation 
oscillators may be controlled when the frequency ratio is as 
ereagsaa 50, but in order to inSure rellability of .operation, 
it is best not to exceed a ratio of about 10. The usual method 
of introducing synchronizing voltage into relaxation oscillator 
circuits is by means of transformer or condenser coupling to one 
Orsmore of the grid circuits. 


4-11, Saw-tooth Wave Generators.- By proper adjustment 
of circuit voltages and constants the condenser voltage in the 
circuits of Figs. 4-17 and 4-19 may be made to assume one of the 
forms illustrated in Fig. 4-21. Figure 4-22 shows another cir- 
cuit, based upon the pentode trigger circuit of Fig. 4-4, with 
which a wave of the form of Fig. 4-2lb can be more readily ob- 
tained. The output voltage is taken from across the condenser 
C, and the frequency is varied by means of R and C. Saw-tooth 
voltages having frequencies up to about 50,000 cycles per second 
are usually obtained by méans of arc-tube relaxation oscillators. 


R 
i aaa 7 Seamed 
(c) Ei ces=8V. Ee p=300 v. 
Fic. 4-21, Typical waves of Fic, 4-22. Relaxation oscillator 
condenser voltage in the for the production of saw-tooth 


circuits of Figs. 4-17 and voltage wave 
4-19. 
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4W-12. Arc-tube Relaxation Oscillator.- Below a critical 
anode voltage, which is determined by the magnitude of the nega- 
tive grid voltage, the anode current of a grid-controlled arc 
rectifier (thyratron or gas-discharge tube) is negligible. When 
the anode voltage reaches the critical value, however, the tube 
"breaks down" or "fires." The anode current is then determined 
only by the applied anode circuit voltage and the anode circuit 
impedance, and is independent of the grid voltage. The anode 
current can be interrupted only by reducing the anode voltage 
below the lonization voltage of the gas or vapor and keeping it 
there for a sufficiently long time to allow de-ionization to take 
place. In the operating range of current the anode voltage 
(tube drop), Eg, remains constant at about 10 volts in mercury- 
vapor tubes and about 16 volts in gas-filled tubes after the 
tube fires. The tube therefore behaves like a switch in series 
with a negligible impedance and a constant emf equal to the 
anode voltage. 

Figure 4-23 shows the basic circuit of an arc-tube re- 
laxation oscillator. The action of the circuit is as follows. 
The condenser C is charged exponentially through the high re- 
Sistance R, the resistance of which is ordinarily of the order 


FiGc. 4-23. Arc-tube relaxation oscillator. 


of megohms. When the condenser voltage becomes equal to the 
firing voltage Vr of the tube, the tube starts conducting, and 
the condenser discharges through the tube. Because the current 
is limited only by the small circuit impedance in series with 
the condenser, the discharge time is very small in comparison 
with the charging time of the condenser. Ordinarily the ratio 

of the circuit inductance to the effective resistance is so small 
that the condenser discharges exponentially and the tube goes 

out when the condenser voltage has fallen to a value equal to 
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the tube drop E,, which is approximately equal to the ionization 
voltage of the gas or vapor contained in the tube. The condenser 
then charges again to the firing voltage and the cycle repeats. 
Figure 4-24 shows the manner in which the condenser voltage 
varies. Under the assumption that the discharging time of the 


Battery voltage =/°,,, 


Condenser voltage 


= 
we 


Time 
Fic. 4-24. Wave form of condenser voltage 
in the circuit of Fig. 4-23. 
condenser is negligible in comparison with the charging time, 
the frequency of oscillation is 


fo (4-3) 
RC loge Einpuns Ss 
Epp - Vf 


The frequency is varied by changing R or C. Large changes of 
frequency are usually made by changing condenser size and small 
changes by varying the resistance. Increasing the grid bias of 
the arc tube both reduces the frequency and increases the volt- 
age amplitude. In order to prevent damage to the discharge 

tube as the result of excessive anode current during condenser 
discharge, or to change the wave form of the output voltage 

(see Sec. 5-8), a resistance R' is usually used between the con- 
denser and the anode or cathode of the tube. For an 884 or 885 
tube, this should have a minimum value of 1000 ohms. 

If the supply voltage Epp does not greatly exceed the 
breakdown voltage Vr of the tube, the wave of condenser voltage 
has appreciable curvature. If Ep, is large in comparison with 
Ve, on the other hand, the condenser voltage varies nearly lin- 
early with time between the values E, and Vr, and so the voltage 
produced across the condenser is of essentially saw-tooth wave 
form. The charging of the condenser can be made truly linear 
by maintaining the charging current constant in spite of change 
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of condenser voltage. This can be accomplished by replacing the 
resistance R of the circuit of Fig. 4-23 by a voltage pentode, 


as shown in Fig. 4-25. At low values of anode current the current 


is independent of anode voltage for anode voltages exceeding 
about 20 volts, and so the charging current is constant. Under 


2 to 10 megohms 


Synchronizing 
350 to 400 v. 6 voltage input 
a + 

Fig. 4-25. Thyratron relaxation oscillator in which the condenser 
charging current is controlled by a pentode. 


the assumption that the discharge time is negligible, the fre- 
quency of oscillation is 


f° =" T/ (Ve = Bale (4-4) 


The frequency can be varied continuously inthe circuit of Fig. 
4-25 by means of the pentode control-grid bias. 

The resistance R' in the circuit of Fig. 4-23 may be Yre= 
placed by a small inductance L, as shown in Fig. 4-25. If the 
inductance in henrys is equal to the capacitance in microfarads, 
the maximum discharge current does not exceed the maximum dis- 
charge current that flows when a 1000-ohm resistance is used. 
When inductance is used, the tube does not go out when the con- 
denser voltage becomes equal to Eg but, because of voltage in- 
duced in the inductance, continues to pass current until the 
condenser voltage has passed through zero and reversed. If the 
Q of the circuit is high, the magnitude of the maximum reverse 
voltage of the condenser is approximately Vp - E,. The varia- 
tion of condenser voltage is therefore nearly doubled when Vr 
is large. With a type 884 tube the maximum value of firing 
voltage is 300 volts (when the grid voltage is -30) and the con- 
denser voltage varies between approximately -285 volts and +300 
volts. The frequency of oscillation has the following value 
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When inductance is used to limit the discharge current and the 
condenser charging current is controlled by a resistance R: 
1 
f= ____-- (4-5) 
Rigiee nr bhi e Nt sine. 
Epp - VF 
When the charging current is maintained constant by means of a 
pentode, the frequency of oscillation is: 


fom eve 1 Ea SC (4-6) 


Very low frequencies of oscillation can be attained in 
arc-tube oscillators by the use of large low-leakage condensers. 
The high-frequency limit at which an arc-tube saw-tooth wave 
generator is useful is limited in part by the time taken for the 
condenser to discharge. At frequencies above 10,000 cycles this 
time may be an appreciable part of the cycle. At very high fre- 
quencies the time taken for the tube to de-ionize also distorts 
the voltage from saw-tooth form. If residual ionization allows 
some anode current to flow at the beginning of the charging pe- 
riod, some of the current that should flow into the condenser 
flows through the tube, and so the condenser voltage does not 
rise as rapidly as it should. The distortion is less when in- 
Guctance is used in series with the tube, since the condenser 
voltage, and hence the anode voltage, is negative at the time 
the tube is extinguished. The high negative anode voltage causes 
rapid de-ionizattion. 

The output voltage from an arc-tube relaxation oscilla- 
tor is usually taken from across the condenser. If a variable 
output voltage is required, the condenser may be shunted by a 
voltage divider, as shown in Fig. 4-25. In order to prevent di- 
version of appreciable current from the condenser and consequent 
loss of linearity of charging, the resistance of the voltage di- 
vider must be high. In order to increase the available output 
voltage and to prevent change of wave form and frequency as the 
result of current drawn by the load, the oscillator is usually 
followed by a direct-coupled or resistance-capacitance-coupled 
amplifier, which furnishes the required voltage, current, or 
power output. Voltage pulses of short duration may be obtained 
from across the current-limiting resistance or inductance used 
in series with the arc-discharge tube. 


4-13. Synchronization of Arc-tube Oscillators-.- Arc- 
tube oscillators, like high-vacuum-tube relaxation oscillators, 
may be synchronized to a control voltage whose frequency is ap- 
proximately equal to a multiple or submultiple of the natural 
frequency of oscillation of the circuit. Synchronizing voltage 
is usually impressed in the grid circuit of the arc-discharge 
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tube through a transformer, as shown in Fig. 4-25. If the na- 
tural frequency is slightly lower than the frequency of the con- 
trol voltage, a positive peak of control voltage reduces the 
negative grid voltage enough to allow the tube to fire just be- 
fore it would fire without control voltage. Since this happens 
during each cycle of the control voltage, the oscillator fre- 
quency is increased to that of the control voltage. If the os- 
cillator frequency is the n'th multiple of the control frequency, 
the tube is caused to fire by the control voltage each n'th 
cycle of the oscillator. If the control frequency is the n'th 
multiple of the oscillator frequency, on the other hand, each 
n'th peak of the control voltage causes the tube to fire. In 
order to prevent possible distortion of the output voltage, only 
sufficient synchronizing voltage should be used to prevent the 
frequency from drifting. 


4-14, High-frequency Saw-tooth-wave Generator.- Figure 
4-26 shows a circuit that produces a saw-tooth wave at frequen- 
cies higher than those at which the arc-tube relaxation oscilla- 
tor can function satisfactorily. In this circuit the triode is 


Fic. 4-26. High-frequency saw-tooth-wave generator. 


normally biased beyond cutoff, but the application of periodic 
positive pulses to the grid causes it to become: conducting 
throughout the duration of the pulses. The condenser charges 
through the resistor R and discharges rapidly through the tube 
each time a voltage pulse is impressed on the grid. The rate 
at which the voltage rises and the maximum voltage to which the 
condenser charges at a given frequency is controlled by the 
sizes of the condenser and the series resistance and by the bat- 
tery voltage. The frequency is determined by the frequency of 
the pulses applied to the grid. In order to insure that the 
condenser voltage rises nearly linearly the supply voltage must 
be large in comparison with the maximum voltage to which the 
condenser charges. True linear rise of condenser voltage can 
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be obtained by replacing the resistance R by a pentode, as in the 
arc-tube relaxation oscillator. In order to insure that the 
condenser starts discharging abruptly, the pulses impressed upon 
the grid of the triode should have a steep wave front. They may 
be generated by circuits of the types discussed in Secs. 4-5 and 
4-6, 


4-15. Circuit for Generating Periodic Triangular Pulses 
of Short Duration.- In certain applications of cathode-ray tubes 
it is necessary to make use of periodic triangular pulses of 
voltage of short duration separated by relatively long time in- 
tervals. This can be accomplished by the circuit of Fig. 4-27, 
which is similar to that° of Fig. 4-26. In this circuit the 


Fia. 4-27. Circuit for generating triangular pulses of voltage. 


grid bias of the triode is normally zero. The small current 
passed by the resistor R flows through the tube, and the volt- 
age of the condenser remains negligibly low because the plate 
voltage corresponding to this plate current is very low at zero 
grid voltage. The triode is periodically biased beyond cutoff 
by means of voltage pulses impressed upon the grid through the 
coupling circuit. During the duration of a pulse the condenser 
charges through the resistor R. If the maximum voltage to which 
the condenser charges is small in comparison with the supply 
voltage, or if the resistor is replaced by a pentode, the con- 
denser voltage rises substantially linearly. In order to insure 
that the condenser starts and stops charging abruptly, the grid 
pulses should be rectangular in form. They may be obtained from 
@ circuit of the form of Fig. 4-9. Figure 4-28a shows a typical 
wave of condenser voltage in the circuit of Fig. 4-27. The rate 
at which the condenser voltage rises is controlled by the sizes 
of the condenser and the resistance. The duration of the volt- 
age pulses and the frequency of repetition is controlled by the 


6. Haworth, L.J., Rev. Sci. Instr., 12, 478, Oct. 1941. 
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length and frequency of the rectangular pulses applied to the 
grid. 

If the condenser charges so rapidly that it is fully 
charged before the end of a grid-excitation pulse, and the charg. 
ing current is kept constant by the use of a pentode in place of 
the resistance R, the condenser voltage is of the form shown in 


Fig. 4-28b. 


a 8 ee me a 


Fic, 4-28. Voltage waves generated by (a) the circuit 
of Fig. 4-27; (0) a similar circuit in which R is 
replaced by a pentode. 


Figure 4-29 shows a complete circuit for producing volt- 
ages of the form shown in Fig. 4-28. This circuit 1s a combina- 
tion of the circuits of Figs. 4-23, 4-10, 4-9, and 4-27. The 
functions of the various portions of the circuit are shown by 
the wave forms of the voltages at various points. 


Fic. 4-29. Complete circuit for the generation of a voltage of the form 
of Fig. 4-28a. 


U-16. Sine-wave Oscillators.- A general discussion of 
all types of oscillators for the production of sinusoidal volt- 
ages is beyond the scope of this book. The treatment that fol- 
lows will therefore be limited to the types that are most 
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frequently used in the production of audio- and radio-frequency 
oscillations in connection with ultra-high-frequency experiments. 
These are negative-resistance oscillators, including one type of 
RC (resistance-capacitance) or "resistance-tuned" oscillator, 
feed-back oscillators, beat-frequency, or heterodyne, oscilla- 
tors, and bridge-type RC oscillators. Since feed-back oscilla- 
tors can be treated as negative-resistance oscillators, the dis- 
tinction between negative-resistance and feed-back oscillators 
is in a sense artificial. Under negative-resistance oscillators, 
however, will be considered only those types which make use of a 
circuit element that displays negative a-c resistance even when 
it is not used in connection with an oscillatory circuit. 
Ultra-high-frequency generators, as distinguished from 
audio- and radio-frequency oscillators, are treated separately 
foun, LO, 


4-17. Theory of Negative-resistance Oscillators.— Ap- 
plication of Kirchhoff's laws to the circuit of Fig. 4-30 gives 
the following equation for the current in any branch of the cir- 
cuit: 


a 
ak ( r 5) a ica eR (4-7) 


at> “\L* po/at * Lec 
where r and p are the resistances, L the inductance and C the 


capacitance indicated in the figure, and all are assumed constant 
Solution of this equation gives for the current: 


1 = Aew3(r/L + 1/pc)t sinwt (4-8) 


in which A is a constant and the 
angular frequency of oscillation is 


flay ee 7 ie te) (4-9) 


If w is a real quantity, 
eq. (4-8) shows that the circuit 
currents vary sinusoidally at an 
amplitude that may decrease, remain 
constant, or increase. If the quantity (r/L + 1/pC) is positive, 
the exponential factor in eq. (4-8) decreases with time, and so 
the amplitude decreases with time and oscillation eventually 
ceases. If the quantity (r/L + 1/pC) is negative, on the other 
hand, the exponential factor increases with time and the ampli- 
Bude .of oscillation builds up. In.the critical case in which 
(r/L + 1/pC) is equal to zero, the exponential factor is unity, 
indicating that the amplitude of oscillation remains constant. 
Only if either r or p is negative, is it possible for (r/L +/C) 
to be negative or zero. In the critical case in which 


Fic. 4-80. Basic circuit of negative. 
resistance oscillator. 
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(r/L + 1/oC) is equal to zero and the amplitude of oscillation 
is constant, eq. (4-9) reduces to 
eRe wile alee t 


W = 5 LG (4-10) 


In practice, r is small in comparison with p, and so the fre- 
quency of oscillation is practically equal to 1/(2VLC ). 

A negative value of resistance r orp indicates that a 
positive increment of voltage across the element is accompanied 
by a negative increment of current, i.e., the slope of the cur- 
rent-voltage characteristic of the element is negative in the 
given current range. Several types of negative-resistance ele- 
ments are available. In most negative-resistance oscillators 
the element p has negative resistance, and r is then the posi- 
tive resistance of the inductance coil. 

If w is an imaginary, in contrast with the case consid- 
ered in the preceding paragraph, eq. (4-8) shows that the cur- 
rent may fall exponentially to zero, remain constant, or increase 
exponentially without limit, depending on the sign and magnitude 
of w. Unlimited increase of current is, of course, a physical 
impossibility. Actually the current may in some cases rise ex- 
ponentially to a critical value at which there is an abrupt 
change of some circuit parameter, and the current starts falling 
exponentially to a second critical value at which another abrupt 
change of a circuit parameter causes it to start rising again. 
As pointed out in Sec. 4-1 triggering may occur in a circuit 
containing a negative-resistance element. It is the triggering 
of the circuit that produces the abrupt changes in parameters 
necessary to cause the current to rise and fall periodically. 
The production of relaxation oscillations in circuits containing 
negative-resistance elements has already been discussed in Sec. 
4-7, in which it was also pointed out that the currents in such 
circuits vary exponentially between the critical values at which 
triggering occurs. Experimental studies verify the predictions 
that relaxation oscillations should occur when the circuit con- 
stants are such as to make W imaginary. An analysis of eq. (4-9) 
shows that relaxation oscillations should occur when the magni- 
tude of L/prC is large. This prediction is verified experiment- 
ally. When the tuning capacitance is merely the small distrib- 
uted capacitance of the inductance coil, for instance, the oscil- 
lations are not usually sinusoidal in form. 


4-18. Practical Negative-resistance Oscillators-- Ref- 
erence to Fig. 4-3 shows that the characteristic curve relating 
the screen current to the screen voltage of a pentode in which 
the screen is coupled to the suppressor has a portion with neg- 
ative slope. Between the screen and the screen voltage supply, 
therefore, such a circuit may act like a negative resistance, 
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and sustained sinusoidal oscillations may occur if a condenser 
in parallel with an inductance is inserted in the screen circuit. 
This type of oscillator is called the "transitron" or "negative- 
transconductance" oscillator. Figure 4-31 shows a typical cir- 
cuit in which the suppressor is coupled to the screen through a 
condenser Cc the reactance of which is negligible in comparison 
with the resistance R, at the frequency of the resonant "tank" 
eL7rcuit. 

Figure 4-6, which 
Shows the characteristic re- 
lating external current be- 
tween points A and B of the 
circuit of Fig. 4-5 with the 
impressed voltage that causes 
it to flow, indicates that a 
negative resistance exists 
between points A and B. Sus- 
tained sinusoidal oscilla- 
tions should therefore be 
produced if a parallel com- 
bination of inductance and 
capacitance is connected be- 
tween 4 and B. Figure 4-32 
shows a practical negative- 
resistance oscillator based 
upon this circuit. The reactance of the coupling condensers C, 
should be negligible in comparison with R, at the frequency of 
the tank circuit. 


Fia. 4-81. Transitron oscillator. 


C 


OO Q000 


Ry c=) S Fic. 4-33. Dynatron-oscillator circuit. 


Figure 4-33 shows the 
circuit of a dynatron oscilla- 
Fic, 4-82, Push-pull negative- tor, which makes use of the 
resistance oscillator, negative screen resistance of 
@ screen-grid tetrode caused 
by secondary emission from the plate (see Sec. 2-6). This type 
of oscillator is less reliable than the transitron and push-pull 
circuits, because of the fact that the secondary emission 
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characteristics of the tube are likely to vary during the life 
of the tube. 

The frequency of oscillation of the circuits of Figs. 
4-31, 4-32, and 4-33 is very nearly equal to 1/enVLC. The am- 
plitude of oscillation may be readily controlled by means of the 
control-grid bias. It is of interest to note the similarity be- 
tween the transitron oscillator, the pentode trigger circuits, 
and the van der Pol relaxation oscillator. These three circuits 
are, in fact, all special forms of one circuit, and the mathe- 
matical analysis of Sec. 4-17 applies to all three. Similarly, 
the push-pull negative resistance oscillator, the Eccles-Jordan 
trigger circuit, and the multivibrator are special forms of a 
Single circuit. The same is true of the dynatron, the tetrode 
trigger circuit, and a relaxation oscillator which may be based 
upon the tetrode circuit. 


4-19, Harmonic Content of Negative-resistance Oscilla- 
tors.- In order to prevent excessive harmonic generation, the 
amplitude of oscillation of a circuit containing a non-linear 
element must be kept small. The ease with which the amplitude 
of oscillation of a negative-resistance oscillator can be con- 
trolled depends upon the manner in which the average or dynamic 
negative resistance varies with amplitude. If the dynamic nega- 
tive resistance decreases in magnitude with increase of ampli- 
tude the amplitude increases until it becomes so high that the 
negative resistance again decreases with further increase of 
amplitude. If, on the other hand, the dynamic negative resist- 
ancé increases in magnitude with amplitude, and the static value 
of p is made slightly smaller in magnitude than L/rC in order to 
ensure starting of oscillations, the amplitude need build up by 
only a small amount to make the dynamic value of p equal to 
L/rC. The dynamic negative resistance increases in magnitude 
with amplitude of oscillation if the current-voltage character- 
istic of the negative-resistance element is of such shape that 
the operating point is at a point of inflection above and below 
which the Slope of the curve is less than at the point. Because 
this is true of the negative-resistance elements used in the cir- 
cuits discussed in the preceding section, it is possible to main- 
tain low amplitude of oscillation in these circuits and thus to 
make the harmonic content small. 

The harmonic content is least when the output voltage 
is taken from across the tuned circuit or from a second induc- 
tance coupled to the tank inductance. When appreciable current 
or power is required by the load, the load is likely to affect 
the frequency or even to stop oscillation if the load is con- 
nected directly to the oscillator. For this reason, the oscil- 
lator is usually used to excite an amplifier, the output of 
which is delivered to the load. 
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Another advantage of negative-resistance oscillators 
over feed-back oscillators is their high frequency stability, 
Which is made possible by the low amplitude of oscillation at- 
tainable. A third advantage is the ease with which the frequen- 


cy range may be altered by changing the size of a single induc- 
tance. 


4-20, Negative-resistance Oscillators Without Induc- 
tance.- By the use of inverse feedback, the amplification of the 
amplifier of Fig. 4-34 may be made independent of frequency 
throughout the frequency range in which it is used.” The output 
voltage is then in phase with or opposite in phase to the input 
voltage. The voltage amplification” is assumed to be positive 
when the input and output voltages are in phase, as indicated by 
the signs in Fig. 4-34. It is assumed that the input impedance 
of the amplifier is infinite, so that no current flows into the 
input of the amplifier. 


Inverse- feed-back 

Amplifier F 
E | A'E 
B 


a Voltage Amplification — A’ an 


Fic. 4-84, Circuit for producing negative resistance. 


The current I that flows’ as the result of application of the 
voltage E between points A and B is 


E(l - A 
i = eee Ceo, 
See rer 


and the effective impedance between points A and B is 
Ze = Ri/(1 - A) +.1/(1 - A) joc, (4-12) 


If the output voltage is in phase with the input voltage, A is 
positive, and between points A and B the circuit acts like a 
"negative resistance in series with an effective inductance of 
magnitudes 


fee Ch. 4°. 
8. Voltage amplification is discussed in detail in Ch. oF 
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Re R, /(1 s A) (4-13) 
Le = 1/(A + 1)0*C) (4-14) 


If, therefore, a parallel combination of resistance R, and ca- 
pacitance Cs is connected between points A and B, the resulting 
circuit is of the form of that Of Fig. 4-50, in which 


R = Re = R,/(1 - A) (4-15) 
Lie Leet /ik ed wre, (4-16) 
Cia" Gs (4-17) 
0 = Ro (4-18) 


Since Re is negative, sustained oscillations of constant ampli- 
tude are obtained when 


Ris Lc (4-19) 


Substitution of eqs. (4-15) to (4-18) in eqs. (4-10) and (4-19) 
shows that the criterion for oscillation and the frequency of 
oscillation are: 


as RT NCias (4-20) 
f= 1) Pt ABO 4Ge (4-20) 


Equation (4-21) shows that the frequency of oscillation can be 
controlled by means of Ri, Roa, Cy, or Co or by two or more of 
these parameters. If the resistances are equal and the capaci- 
tances are equal, eq. (4-21) reduces to 


fim A /eiR. 0% (4-22) 


The fact that the frequency may thus be made inversely propor- 
tional to the capacitance, instead of to the square root of the 
capacitance, makes it possible to cover a 10-to-l frequency range 
with ganged condensers of the type used in broadcast receivers. 
The frequency band may be readily changed by changing R, and R35. 
The circuit constants must, however, be chosen so that the oscil- 
lation is of the sinusoidal type. 

Figure 4-35 shows a practical form of this circuit used 
in one of the most successful commercial resistance-capacitance 
oscillators.” The ballast lamp Rs, in combination with the re- 
sistance Ra, provides inverse feedback that makes the amplifi- 
cation and phase shift of the two-stage resistance-capacitance- 
coupled amplifier independent of input voltage, variable circuit 
parameters, supply voltage, and tube characteristics, and at the 


9. Terman, F.E., Buss, R.R., Hewlett, W.R., and Cahill, F.C., Proc. I.R.E., 
27, 649 (1939). 
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same time affords a method of stabilizing the amplitude of oscil- 
lation. Increase of amplitude raises the current through the 
lamp and thus increases its resistance and hence the inverse 
feedback. Increase of feedback decreases the voltage amplifi- 
cation of the amplifier and thus tends to reduce the amplitude 

of oaecililation. 


Fic, 4-35. Circuit diagram of resistance-tuned 
oscillator, 


When a conventional resistance-coupled amplifier is used 
in the circuit of Fig. 4-34, an even number of stages is required 
in order to make the output voltage in phase with the input volt- 
age. Because the mu-factor relating the Suppressor and screen 
voltages of a pentode is nega- 
tive, however, a single pentode 
may be used in this circuit, 
as shown in Fig. 4-36. The 
purpose of the resistance Rr 
and the condenser Cr is to pro- 
vide inverse feedback in order 
to improve wave form and sta- 
bility. The frequency is va- 
ried by means of Ci, Co, and 
Rs. The condenser Cp may 
shunt the screen resistor, in- 
stead of the suppressor resis- 
tor. 


Fic. 4-86. Circuit diagram of resistance- 
tuned oscillator. 


Y-21,. Feed-back Oscillators.- A feed-back oscillator can 
be considered as a tuned feed-back amplifier (see Ch. 3) in which 
the amplitude and phase angle of the feed-back voltage are such 
as to cause oscillation. Suppose that a voltage Ei is applied 
to the input of an amplifier and that the resulting output volt- 
age is Eo. If a portion of the output voltage is applied to the 
input, in addition to Ei and in phase with it, this feed-back 
voltage will act in the same manner as Ey. If the magnitude of 
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the feed-back voltage is equal to Ey, it can replace E; and the 
amplifier will continue to deliver the original output Eo when 
E; is removed. This is another way of saying that the amplifier 
will oscillate at constant amplitude. If the feedback is in- 
creased, the amplitude will build up; if it is decreased, the 
amplitude will die down. 

Figure 4-37 shows the generalized circuit for single- 
tube feed-back oscillators, from which the more common circuits 
can be derived by eliminating one or. two, of the condensers ora 

making M zero. The three most 
commonly used circuits, the tuned- 
grid, the tuned-plate, and the 
Hartley circuits, are shown if 
Figs. 4-38, 4-39, and 4-40. (In 
the Colpitts oscillator, not 

C, Cs Shown, Cs is replaced by an in- 

ductor, and iy = Ls.= 0.) 
As in negative-resistance 


oscillators, the output voltage 
of feed-back oscillators may be 


ee taken from across the tank circuit 
or, preferably, from a separate 
coil coupled to the tank induc- 
Cs tance. 


Fic, 4-37, Generalized feed-back 
oscillator circuit. 


Feed-backoscillators are 
usually analyzed by the use of 
equivalent plate circuits, ?° even 


though the amplitude of oscillation 


Fic. 4-89. Tuned-plate 
oscillator. 


Fic, 4-88. Tuned-grid 
oscillator. 


10. For this reason amplifier analysis, such as much of that of Ch. 3, and 
oscillator analysis are similar in many respects. Fundamentally the os- 
cillator analysis using the equivalent plate circuit reduces to assuming 
an applied voltage in the grid circuit, and determining from the ampli- 
fier equations the conditions under which plate current would flow if 
the applied grid voltage were zero. 
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may be so high that the path of operation is far from linear. 
Although this method of analysis gives no indication of the pro- 
duction of harmonics, it yields a 
large amount of valuable informa- 
tion concerning the fundamental fre- 
quency of oscillation and the con- 
ditions which must be satisfied in 
order that sustained sinusoidal 
oscillations may be produced. In 
order to simplify the analysis, it 
is customary to neglect the effect 
of grid current. Although the flow 
of grid current that may occur dur- 
ing the positive peaks of grid volt- 
age cannot be neglected in its ac- 
tual effect on oscillator operation, 
it is usually satisfactory in an 

Fia, 4-40. Hartley oscillator, approximate analysis to make use of 

the simpler assumption of no grid 

current and to bear in mind that the results may have to be mod- 
ified to take the effects of grid current into account. One ef- 
fect of the flow of grid current is to introduce damping or pow- 
er loss, which may be considered as equivalent to an increase of 
the resistance of the tuned circuit. Grid current may increase 
harmonic content, since reduction of plate current resulting from 
diversion of electrons to the grid increases the curvature of 
the dynamic transfer characteristic. It will be seen, however, 
that the flow of grid current may be used advantageously in lim- 
iting the amplitude of oscillation by automatically increasing 
the grid bias with amplitude. 

Figure 4-41 shows the equivalent plate circuit for the 
tuned-plate oscillator under the assumption that condenser losses 
are negligible. The alternating grid 
voltage Eg is induced in the grid coil by 
virtue of magnetic coupling to the plate 
coil. If M is assumed to be positive 
when an increase of I results in a posi- 
tive induced voltage, Eg = jwMI. Simul - 
taneous solution of this equation with 
two equations obtained by summing volt- 
ages in the equivalent circuit gives the 
following equations for the criterion for 


Fic. 4-41, Equivalent plate oscillation and the frequency of oscilla- 
circuit for tuned -plate wisi? 


oscillator. . 
Gn = |rC/M+L/Mr,| and M>O (4-23) 


a] r+r 
f= tay fail) 4-2) ) 
en/LC rp 
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When no power is drawn from the oscillating circuit, the effec- 
tive resistance r is small in comparison with rp, and the fre- 
quency of oscillation is practically the natural frequency of 
the resonant circult, 1/enVLC. If gm exceeds the value given by 
eq. (4-23), the amplitude of oscillation increases with time. 
From eq. (4-23) and the expression for the induced alternating 
grid voltage, it can be seen that sustained oscillation can take 
place only when the coupling is of such sign as to result ina 
positive increment of grid voltage when the current through the 
plate inductance increases. 

Similar analyses for the tuned-grid oscillator and the 
Hartley oscillator show that the frequency of oscillation of 
these circuits also approximates 1/2nVLC, and that the transcon- 
ductance must exceed a critical value, which varies with coupling, 
in order for sustained oscillations to be possible. 

The form of eq. (4-23) and of similar equations derived 
for other feed-back oscillator circuits shows clearly the impor- 
tance of high transconductance in tubes used in feed-back oscil- 
lators. These equations also show that, for a given transcon- 
ductance, oscillation will take place more readily the higher 
the plate resistance. Since at a given transconductance the am- 
plification factor is proportional to the plate resistance, it 
follows that the "figure of merit" of a tube for use in a feed- 
back oscillator is the product ugm As this is also the figure 
of merit of a power tube, power tubes are in general good feed- 
back oscillator tubes. 


4-22. Bridge-type Feed-back Oscil lator.- Figure 4-42 
Shows the block diagram of a feed-back oscillator which is tuned 


plifier 


i insides ki 


a fer sserll Gs Bisel 


Regeneration 
Network 


Fic. 4-42. Block diagram of feed-back R-C oscillator. 
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by means of a resistance-capacitance bridge. The amplifier is 
designed to have constant amplification and zero phase shift over 
a wide range of frequency. Degenerative feedback is applied to 
the amplifier through an impedance bridge. Since the output of 
the bridge is zero at resonance, the inverse feedback is a mini- 
mum at this frequency and the amplification of the amplifier 
with inverse feedback is a maximum. The response curve of the 
amplifier has a sharp peak at the resonance frequency of the 
bridge. The regenerative-feed-back network, which has a flat 
response throughout the frequency range of the amplifier, ap- 
plies positive feedback to the amplifier. If the positive feed- 
back is high enough, sustained oscillation takes place at the 
frequency at which the amplification is greatest, i.e., at the 
resonance frequency of the bridge. The phase inverter is neces- 
sary in order to make the feed-back voltage of correct phase to 
give regenerative feedback. A satisfactory form of degenerative- 
feed-back bridge is the Wien bridge, shown in Fig. 4-43, which 
contains only resistances and capacitances. If R, = 2R,, 
Ri = Re, and Ci = Co, the bridge is balanced when f = 1/2nR,C,, 
and the circuit oscillates at this frequency. This type of 
oscillator has the same ad- 
vantages as the resistance- 
capacitance negative-resist- 


Ry Rs ance oscillator discussed 
o Ci in Sec. 4-20. It may be 
tuned either by ganged vari- 
able condensers or ganged 
variable resistors. 
e Re 


R, O 4-23. Push - pull 
Oscillators.- The basic feed- 
back oscillator circuits may 
v be modified to use two tubes 
in push-pull. As in ampli- 
fiers, the use of push-pull 
Fic. 4-48. Wien bridge. circuits increases the power 
output and decreases the 
harmonic content. The frequency stability of push-pull circuits 
is also higher than that of single-sided circuits. They are used 
principally at high and ultra-high frequencies. 
Circuits in which the plate-supply voltage is connected 
in series with the plate inductance, as in Figs. 4-38, 4-39, 
and 4-40, are called series-feed circuits. In practice it may 
be desirable or necessary to connect the plate to the oscillat- 
ing circuit through a condenser of low reactance and to apply 
the direct voltage to the plate through a choke, the reactance 
of which is so high that it does not appreciably affect the os- 
cillating circuit. Air-core chokes are used in radio-frequency 
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circuits, iron-core chokes in audio-frequency circuits. An ex- 
ample of this method of applying the direct plate voltage, called 
parallel feed, is given by the circuit of Fig. 4-44b. The ob- 
jection to the use of parallel feed is that parasitic oscilla- 
tions may take place in the feed condenser and choke. 
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(b) 


(a) 
Fic, 4-44, Use of grid condenser and leak to limit amplitude of oscillation, 
Hartley oscillator with (a) series feed, (b) parallel feed. 


4e=24, Use of Self-bias to Limit Amplitude of Oscilla- 
tion.- For the purpose of simplicity of representation, fixed 
biasing voltages have been indicated in the basic circuits of 
Figs. 4-57 to 4-40. Fixed bias is rarely used, however, in 
practical oscillators. In order to prevent excessive distortion 
and to aid in obtaining frequency stabilization, it is necessary 
to limit the amplitude of oscillation. In feed-back oscillators 
the criterion for oscillation involves the transconductance of 
the tube, and the amplitude builds up until the average (dynamic) 
transconductance drops to the critical value below which oscil- 
lation cannot take place. Unfortunately the average transcon- 
ductance first increases with amplitude, and so the amplitude 
may increase to a high value before the average transconductance 
again falls sufficiently to result in equilibrium. If the cir- 
cuit is adjusted to give small equilibrium amplitude, then it 
Will not start of its own accord. A similar difficulty may be 
experienced with some negative-resistance oscillators. This 
difficulty may be prevented by causing the grid bias to increase 
automatically with amplitude. 

The most common method of limiting the amplitude of os- 
cillation is the use of a grid-blocking condenser and grid leak, 
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as shown in Fig. 4-44. The initial bias is zero, but, as soon 
as oscillation commences, the grid is driven positive during a 
portion of the cycle and so electrons flow from the cathode to 
the grid. During the remainder of the cycle these electrons 
cannot return to the cathode but can only leak off the condenser 
and grid through the grid leak R,. The trapped electrons make 
the potential of the grid negative with respect to the cathode, 
thus providing a bias. The bias may also be considered to re- 
sult from the flow of current through the grid leak. The great- 
er the amplitude of oscillation, the more positive the grid 
swings, and the greater is the average grid current. Thus the 
bias builds up with oscillation amplitude, causing the transcon- 
ductance to fall until equilibrium is established. In this man- 
ner the amplitude may be prevented from becoming too high with- 
out making the quiescent transconductance so low as to prevent 
oscillation from starting spontaneously. Under equilibrium con- 
ditions grid current flows during only a very small fraction of 
the cycle, and the grid bias is very nearly equal to the ampli- 
tude of the alternating grid voltage. 

Low power loss in the resistor, high frequency stability, 
and good wave form call for the use of high grid-leak resistance; 
put it is found that, if the resistance is too high, oscillation 
is not continuous. After a number of cycles of oscillation the 
bias becomes so high that the circuit stops oscillating. Be- 
cause oscillation starts at a lower bias than that at which it 
stops, some time elapses while the condenser discharges suffi- 
ciently to allow oscillation to recommence, and so periods of 
oscillation alternate with periods of rest. This phenomenon is 
termed motorboating. The period of motorboating depends upon 
the time required for the condenser to discharge, which increases 
with the product of the grid condenser capacitance and the grid- 
leak resistance. 

Another factor that limits the size of the grid resistor 
is danger of cumulative increase of positive grid voltage and 
plate current as the result of primary and secondary grid emis- 
sion. 


425, Frequency Stability.- Undesired changes of fre- 
quency result from three major causes: changes in the mechanical 
arrangement of the elements of the oscillating circuit; in the 
values of the circuit parameters; and in the amplification fac- 
tor, grid and plate resistances, and interelectrode capacitances 
of the tube. Changes in the mechanical arrangement of the cir- 
cuit elements may be produced by vibration; by mechanical, elec- 
tric, or magnetic forces; or by temperature changes. They can 


11. Reich, H.J., "Theory and Applications of Electron Tubes," pp. 184-185. 
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be minimized by careful mechanical and electrical design and by 
temperature control. 

Variations in the values of the circuit parameters re- 
sult from changes in temperature of inductances and condensers 
and from variation of load, which alters the effective a-c re- 
sistance of the tuned circuit. Changes of inductance and capaci- 
tance can be minimized by: temperature control; the use of 
thermally compensated inductances and temperature-controlled 
compensating condensers; and the careful choice of apparatus and 
the judicious location of component parts. The most common meth- 
od of preventing the load from affecting the frequency is to 
take the required power from a "buffer" amplifier that is ex- 
cited by the oscillator, rather than from the oscillator direct- 
lee, 

Tube factors and electrode capacitances are dependent 
upon operating voltages, upon cathode emission, and upon elec- 
trode spacing. Operating voltages can be stabilized by the use 
of voltage-regulating devices. Variation of cathode emission is 
probably the least important factor and can be reduced by the 
maintenance of rated cathode temperature. Electrode spacing, 
Which depends to some extent upon tube temperature, affects the 
interelectrode capacitances. The dependence of frequency upon 
interelectrode capacitances and upon stray circuit capacitance 
can be minimized by the use of a high ratio of tuning cpacitance 
to inductance and by the use of circuits in which the tuning ca- 
pacitance shunts the grid-plate capacitance. 

Dependence of frequency upon plate resistance may be 
minimized by the use of resistance-stabilized circuits, in which 
a high resistance in series with the plate reduces the percent- 
age change of total plate-circuit resistance.+= The most effec- 
tive method of frequency stabilization, however, is the use of 
vibrating mechanical elements electrostatically or magnetically 
coupled to the oscillating circuit. At radio frequencies this 
is accomplished by the use of quartz crystals, in which compres- 
Sion or expansion results in the production of a potential dif- 
ference between opposite faces and, conversely, application of 
a potential difference results in an elongation or contraction. 
At audio frequencies it is accomplished by the use of magneto- 
strictive rods, which expand or contract when magnetized.14* In 
quartz-crystal oscillators the frequency variation may be made 


12. Horton, J.W., Bell System Tech. J., 3, 508 (1924); Terman, F.E., Elec- 
tronics, July, 1933, p. 190. 

13. Cady, W.G., Proc. I.R.E., 10, 8% (1922). For additional references see 
H.J. Reich, "Theory and Applications of Electron Tubes," p. 335. 

14, Pierce, G.W., Proc. I.R.E., 17, 42 (1929); Salisbury, W.W., and Porter, 
C.W., Rev. Sci. Inst. 10, 142 (1939). 
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less than two parts in a million; in magnetostriction oscilla- 
tors it may be limited to one part in 30,000. 


426, Beat-frequency (Heterodyne) Oscillators 2°- An en- 
tirely different type of audio-frequency oscillator is the beat- 
frequency oscillator. In an oscillator of this type, shown 
schematically in Fig. 4-45, the outputs of two radio-frequency 
oscillators of slightly different frequencies are applied simul- 
taneously to a detector. The output of the detector contains, 


Fixed- 
F req. R-f 
Oscillator 


Variable- 
Freq. R-f 
Oscillator 


Fic. 4-45. Schematic diagram of heterodyne oscillator. 


in addition to the impressed radio frequencies, their sum and 
difference. By means of a filter the fundamental radio frequen- 
cies and their sum are removed, leaving only the difference fre- 
quency in the output, which may be amplified by audio-frequency 
amplifiers. The popularity of the heterodyne oscillator is due 
principally to the fact that the whole range of audio frequencies, 
from 15,000 cycles, or higher, down to as low as one cycle, may 
be covered with a single dial. Other advantages that may be ob- 
tained with careful design include good wave form, constant out- 
put level, lightness, and compactness. By proper variable con- 
denser design a logarithmic frequency scale may be obtained, a 
considerable advantage when the oscillator is to be used in ob- 
taining amplifier-response curves. Unless extreme care is taken 
in the design and construction, however, this type of oscillator 
is likely to have relatively poor frequency stability, which 
necessitates frequent setting against a standard frequency during 
the period of use, particularly during the time required to es- 
tablish temperature equilibrium. 


4.27, Crystal Oscillators.- The most satisfactory meth- 
od of stabilizing the frequency of radio-frequency oscillators 
is by the use of quartz crystals. The control of frequency by 
means of crystals is based upon the piezoelectric effect. When 
certain crystals, notably quartz, are compressed or stretched in 


15. See bibliography, H.J. Reich, "Theory and Applications of Electron Tubes," 
p. 364. 
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certain directions, electric charges appear on the surfaces of 
the crystal that are perpendicular to the axis of strain. Con- 
versely, when such crystals are placed between two metallic sur- 
faces between which a difference of potential exists, the crys- 
tals expand or contract. If the potential applied to the plates 
is alternating, the crystal is set into vibration, the ampli- 
tude being greatest at the mechanical resonance frequency of 
compressional oscillation of the crystal. Although special types 
of crystals may be used in a-f oscillators, crystal control is 
at present restricted mainly to r-f oscillators. 

Figure 4-46 shows one commonly used crystal oscillator, 
developed by J. M. Miller at the Bureau of Standards. The action 


Un) 


Crystal Cor 


Cmt- Capacitance of mounting 


-'+ 
Resistor a ay Pee 
or choke Coap apes . capacdrarnc 


FIG, 4-46, One type of crystal- IG, 4-47, Fquivalent circuit of crystal 


controlled r-f oscillator. and crystal mounting. 


of this circuit is readily understood when it is noted that the 
crystal and crystal mounting may be represented by the equivalent 
electrical circuit of Fig. 4-47. When the plate load is induc- 
tive, the effective input conductance of the tube 1s negativa, 
Therefore oscillation may be set up in a resonant circuit con- 
nected between the grid and cathode. In order to maintain an 
inductive plate load the plate circuit must be tuned so that its 
resonant frequency is slightly higher than that of the crystal. 
The value of the crystal in controlling frequency lies in the 
extreme sharpness of its resonance curve. The Q of the equiva- 
lent circuit of a crystal is of the order of one hundred times 
that which can be readily attained in electrical circuits. Beé-= 
cause of this sharpness of resonance, the crystal can oscillate 
only over a very narrow frequency range, and hence the frequency 
stability of a crystal oscillator is high. When the temperature 
of the crystal is maintained constant by means of a temperature- 
control chamber, the frequency drift may be made less than two 
Parnes, ino miligon, 

In one of the early circuits for a:crystal oscillatonm 
the crystal was connected between the grid and plate of the tube, 
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instead of between the grid and cathode. This circuit will os- 
cillate only when the plate load is capacitative, and therefore 
the natural frequency of the plate circuit must be slightly low- 
er than that of the crystal. A crystal will also oscillate when 
connected to other types of negative-resistance elements, such as 
were described earlier in this chapter. Crystals may also be 
used in push-pull circuits. 

Because of the extremely sharp resonance of a crystal, 
it may also be used as a band-pass filter which passes a very 
narrow band of frequencies. One application of such a filter 
is in wave analyzers. 


Chapter 5 
CATHODE-RAY TUBES AND CIRCUITS 


The cathode-ray oscillograph, which was originally de- 
veloped for the study of voltage and current wave form, has 
found a great many other applications. Included in these are 
the measurement of voltage, time, and frequency, and the deter- 
mination of characteristic curves relating to variable quanti- 
ties such as electrode current and voltage of an electron tube. 
The heart of the cathode-ray oscillograph is the cathode-ray 
tube itself, which is also an essential component in television. 


5-1. The Cathode-ray Tube.- Cathode-ray tubes consist 
of three essential parts: an electron gun for producing a nar- 
row beam of rapidly moving electrons, called cathode rays; a 
fluorescent screen which produces a luminous spot as the result 
of impact of the cathode rays; and means for deflecting the beam 
and hence displacing the spot as the result of currents or volt- 
ages applied to the deflecting mechanism. 

The electron gun comprises a thermionic source of elec- 
trons, a grid for controlling the electron density of the bean, 
and hence the brightness of the luminous spot, and means for 
focusing the electron beam sc that a small symmetrical spot is 
produced upon the screen. The focusing may be accomplished by 
means of either electric or magnetic fields. A discussion of 
the theory of electron optics is beyond the scope of this book, 
and the interested student is therefore referred to texts devot- 
ed to this subject.~ It is sufficient here to state that it has 
been proved by rigorous electrodynamic analyses that electric 
and magnetic fields produce effects upon beams of electrons 
analogous to that of glass lenses upon light. Figure 5-1 shows 
a typical cathode-ray tube of the type ordinarily used in 
cathode-ray oscillographs. Electrostatic focusing is ordinari- 
ly used in such tubes. The grid, in addition to serving as 4 
means of controlling the brightness of the fluorescent spot, 
also serves, in conjunction with the first anode, as a lens for 
focusing the electron bean. Electrons having velocity compo- 
nents normal to the axis of the tube are intercepted by the 
grid and by the diaphragms in the first anode. The electric 
field between the first anode and the second anode, which is 
of larger diameter and at a higher potential than the first 
anode, acts in a manner analagous to a converging lens and thus 


1. See bibliography at end of chapter. 
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brings the electrons to a sharp focus on the screen. The final 
velocity of the electrons is determined by the potential of the 


Defiecting Plates 


Fluorescent 


Fic. 5-1. Electrode structure of a typical cathode-ray oscillograph tube. 


second anode, which is normally maintained constant in the opera- 
tion of the tube. Focusing is accomplished by varying the poten- 
tial of the first anode. The second anode sometimes consists of 
a conducting coating on the inside wall of the tube. It is of 
interest to note that the image formed on the screen may be that 
of either an aperture or of a concentration of electrons formed 
by the crossing of electron paths at a point a short distance 
beyond the grid. The designer of cathode-ray tubes is faced 
with a number of problems involving the electron gun, among 
which are departure of the beam from circular section and un- 
equal focal distances for the various portions of the beam, with 
resultant lack of sharpness of the spot. 

The electron beam may be focused magnetically by the use 
of either a uniform axial field extending the entire length of 
the tube or of an axially symmetrical non-uniform field produced 
by a short concentrated coil, the axis of which coincides with 
that of the tube. Because of the difficulty of producing a uni- 
form axial field, magnetic focusing is ordinarily accomplished 
by means of one or more short coils. 


5-2. Deflection of Electron Beam.- Deflection of the 
cathode-ray beam may be accomplished either by means of an elec- 
tric field produced by two electrodes between which the deflec- 
tion voltage is impressed, or by means of a magnetic field pro- 
duced by electromagnets energized by deflection current. Fig- 
ure 5-1 shows the arrangement of deflecting electrodes in a tube 
in which both vertical and horizontal deflection is produced by 
electrostatic fields. Since the field is normal to the sur- 
faces of the deflecting electrodes, and the movement of elec- 
trons as the result of the field is parallel to the field, the 
deflection of the beam is in a plane normal to the electrode 
surfaces. A relatively simple electrodynamic analysis snows 
that the deflection of the luminescent spot from its normal 
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position by parallel deflecting plates is equal tos 
y = EqgehL/vmd = EghL/2Egd (5-1) 


in which Eq is the voltage impressed between the deflecting 
plates, e is the charge of an electron in e.S.u., h is the length 
of the deflecting plates, L is the distance from the center of 
the deflecting plates to the screen, v is the electron velocity, 
m is the mass of an electron, d is the separation of the deflect- 
ing plates, and Eq is the potential of the second anode relative 
to the cathode. In the derivation of eq. (5-1) it is assumed 
that the field is uniform throughout the distance d and zero 
elsewhere. [In (5-1) Ea and Eg should be in same units; h, L, 

d, y likewise. ] 

It is evident from eq. 5-l that the deflection of the 
luminescent spot is directly proportional to the deflecting volt- 
age, and is inversely proportional to the voltage applied to the 
second anode. Since the brightness of the luminescent spot in- 
creases with the energy with which the electrons strike the 
screen, which is proportional to the second anode voltage, it 
follows that high values of brightness are attained at the ex- 
pense of deflection sensitivity. This difficulty can be avoid- 
ed by the use of a third anode, usually in the form of a screen, 
adjacent to the anode. The electrons may then be deflected 
while their velocity is low, and the high velocity essential to 
high spot brilliance may be given the electrons subsequent to 
deflection. Some defocusing is likely to result from this meth- 
od, however. The deflection sensitivity may be increased by 
lengthening the plates, but the maximum deflection that can be 
obtained without having the electrons strike the deflecting 
plates is decreased by increase of plate length. For this rea- 
son deflecting plates are sometimes made parallel during 4 por- 
tion of their length, and divergent during the remainder, as 
shown ir Fig. 5-c. 

In many applications of 
cathode-ray tubes the spot is de- 


flected by means of alternating volt- 
Sia tie ee ages applied to the deflecting plates, 
If the period of the deflecting volt- 
age is of the order of magnitude of 
the time taken for the electrons to 
pass between the plates, the deflec- 


: tion of the spot is not proportional 
Fic. 5-2. Deflecting plates. to the instantaneous voltage but to 
the integral of the voltage throughout 


2. See, for instance, H.J. Reich, "Principles of Electron Tubes," McGraw-Hill, 
1941, Sec. 1-20. 
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the transit time between the deflecting plates. The high- 
frequency limit of the deflecting voltage that can be used in 
the study of voltage waveform is therefore dependent upon the 
transit time, which depends in turn upon the length of the de- 
flecting electrodes and the second anode voltage. Tubes to be 
operated at high frequency must have relatively short deflect- 
ing electrodes and must operate at high voltage. Consequently 
such tubes have low deflection sensitivity. The limiting fre- 
Quency at which cathode-ray tubes may be operated is also deter- 
mined in part by the capacitance between the deflecting elec- 
trodes and their leads and by lead inductance. Capacitance and 
inductance are minimized by bringing the leads directly through 
the wall of the tube, as in Fig. 5-1, but for the sake of sim- 
plicity of manufacture and convenience of making connections, 
the leads are brought out through the base in most tubes designed 
for oscillographic use. "Crosstalk" between the vertical and 
horizontal deflecting plates is another problem that confronts 
the designer and user of cathode-ray tubes. It can usually be 
eliminated by proper circuit design. 

Figures 5-3a and 5-3b show two coil arrangements suit- 
able for producing electromagnetic deflection. In the arrange- 
ment of Fig. 5-3a the coils are connected so that the flux pro- 


Flux 


(b) 
Fic, 5-3. Flux produced by two types of deflecting coils. 


duced by the two coils of a pair bends in such a way as to com- 
bine in the region near the zenter of the tube. This arrange- 
ment produces a nearly linear field midway between the two coils. 
The method of winding and placing the coils is shown in greater 
detail in Fig. 5-4a. Because of the large air gap and the low 
magnetizing force that is ordinarily used, an iron yoke does not 
greatly increase the sensitivity, but may be useful in shaping 


the field. The coils may be conveniently held in place by mount- 


ing them ona wooden form, when aniron yoke is not used. In the ar- 
rangement of Fig. 5-3b, the coils are connected so that the flux 
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produced by one coil of each pair adds to that of the other. 
This produces a nearly linear field parallel to the axis of ‘the 
coil pair at a point midway between the coils. The coils may pe 


(b) 
Fic. 5-4. Structure of two types of deflecting coils. 


bunch wound and wrapped about the neck of the cathode-ray tube, 
as shown in Fig. 5-4b. They may also be wound in a slotted core, 
as in a two-phase induction motor stator. To prevent crosstalk 
between the two pairs of coils, the coils of each pair should be 
as nearly alike as possible and should be symmetrically mounted 
relative to the other pair. To prevent introduction of deflec- 
tion voltage into the focusing coils, a magnetic shield should 
be used between the focusing and deflecting coils. 

The deflection produced by a magnetic field is normal to 
the direction of the field. Electrodynamic analysis indicates 
that the deflection is given by the expression:* 


y = 0.297 LsB/VE, cm (5-2) 


in which L is the distance in cm between the screen and the point 
where the electrons enter the field, s is the distance in cm over 
which the deflecting field acts, B is the flux density in gauss 
(assumed to be constant throughout the distance s), and EA, 7s 

the second anode voltage. Equation (5-2) shows that the deflec- 
tion is proportional to the field strength, which is in turn pro- 
portional to the coil current when iron is not used. It isos 
interest to note that, although the deflection varies inversely 
with anode voltage, increase of anode voltage to raise the 
brightness of the spot does not decrease the sensitivity as rap- 
idly as when electrostatic deflection is used. It has been shown 
that there is no advantage in making s, which is approximately 
equal to the length of the coils along the axis of the tube, 
greater than about 30 per cent of the distance L.* 


3. See, for instance, Zworykin and Morton, "Television," Wiley, 1940, p. 449. 
4. Maloff and Epstein, "Electron Optics in Television,” McGraw-Hill, 1938, 


p. ‘195. 
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Although the deflection sensitivity in centimeters per 
ampere can be increased by increasing the number of turns of the 
coils, the resulting increase of inductance may be objectionable 
when high-frequency currents are used in the deflecting-coil cir- 
cuits. 

Cathode-ray tubes that are designed for electromagnetic 
deflection usually make use of magnetic focusing, whereas tubes 
designed for electrostatic deflection make use of electrostatic 
focusing. Sometimes, however, deflection in one direction is 
accomplished by electrostatic deflecting plates and at right 
angles by a deflecting yoke. The advantages of electromagnetic 
tubes over electrostatic tubes are the greater structural sim- 
plicity, which results in lower cost; the greater ruggedness, 
which makes for greater reliability in mobile equipment; and 
the shorter tube length, which reduces the overall size.of the 
equipment in which they are used. Electrostatic tubes, on the 
other hand, require little or no deflection current or power. 
The auxiliary circuits are therefore simpler, as will be seen 
in a later section and difficulties arising from deflecting-coil 
inductance are avoided. At the present time most cathode-ray 
oscillographs employ tubes with electrostatic focusing and de- 
flection. 


5-3. Cathode-ray Tube Screens.- The screen of a cathode- 
ray tube consists of a layer, of the order of 0.002 mm in thick- 
ness, of luminescent material applied to the end of the tube by 
spraying, dusting, or settling from a liquid. The bombardment 
of the screen by rapidly moving electrons gives rise both to 
fluorescence or emission of light during bombardment, and to 
phosphorescence or emission of light after bombardment. Choice 
of materials used in a screen designed for a particular type of 
tube is governed by the required luminous intensity of the spot 
per watt of the incident beam, by the color of the emitted light, 
and by the rate at which phosphorescence decays. Phosphors com- 
monly used include willemite (zinc orthosilicate), which emits 
predominantly green light; zinc oxide, which emits predominantly 
blue light; zine beryllium silicate, which emits predominantly 
yellow light; and a mixture of zinc sulphide with cadmium zinc 
Sulphide or zinc berillium silicate, which emits nearly white 
light. Impurities must be present in these materials to act as 
"sctivators." Choice of color is influenced by whether the tube 
is to be used visually or photographically and by the purpose 
for which the tube is to be used. Slow decay of phosphorescence 
is desirable in a tube used for the observation of non-repeating 
phenomena or periodic phenomena having a low repetition fre- 
quency. Slow decay results in blurring, however, when the form 
of the pattern under observation changes, as in television re- 
ception or the study of voltages and currents of changing wave 
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form. It is usually necessary to compromise between absence of 
blurring and freedom from flicker. 

Continuous impact of electrons upon one spot of the 
screen reduces the sensitivity of the phosphor at that spot and 
may destroy the phosphor if allowed to take place over a long 
period. When high acceleration voltages are used, the heating 
may also be sufficient to melt the tube envelope. For this rea- 
son it is important to turn off the beam by applying a high 
negative grid bias whenever the beam is stationary. It is also 
unwise to operate the tube for a long time with the same pattern, 
particularly at high intensity. Most oscilloscopes are now pro- 
vided with a convenient control for turning off the beam without 
turning off the cathode heater current. The student should form 
the habit of using this control and of working with as low bril- 
liance as possible. 

In the use of cathode-ray tubes, the objectionable ef- 
fects of reflection of room light from the end of the tube can 
be reduced by the use of a filter of the same color as the light 
emitted by the screen. 


5-4, Lissajous Figures.- Since the pattern produced on 
the screen of a cathode-ray tube by the application of voltages 
to the deflecting plates is usually substantially identical in 
form with the pattern produced by the flow of currents of the 
same wave forms through deflecting coils, it is sufficient to 
discuss the results obtained by electrostatic deflection. When 
direct voltages are applied simultaneously to the two pairs of 
deflecting plates the deflection is the resultant of those pro- 
duced when the two voltages are applied individually. The ap- 
plication of alternating voltage to one set of plates causes the 
spot to trace a straight line on the screen. When alternating 
voltages are applied to both sets of plates the spot traces a 
complicated path that does not in general close if the frequen- 
cies of the two voltages are not the same, and that is therefore 
seen as a moving pattern commonly called a Lissajous figure. If 
the ratio of the two frequencies is a rational number, the path 
closes and the pattern is stationary. In the simplest case, in 
which the two frequencies are equal and the voltages pure sinus- 
oids, the pattern may be a circle, an ellipse, or a straight 
line, depending upon the relative magnitudes and the phase dif- 
ference between the two voltages. In general, a rational fre- 
quency ratio can be determined by enclosing the pattern with a 
rectangle the sides of which are parallel to the X and Y axes 
and tangent to the pattern. The ratio of the X to the Y fre- 
quency is equal to the number of points of tangency of the pat- 
tern to a vertical side divided by the number of points of tan- 
gency to a horizontal side. Figure 5-5 shows the Lissajous fig- 
ure for a 3:2 frequency ratio. 
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5-5. Linear Sweep.- Although 
the wave form of one voltage may be read- 
ily determined from a Lissajous figure 
if the wave form of the other voltage is 
Sinusoidal, it is generally far more con- 
venient to see the unknown voltage as a 
function of time. This can be accom- 
plished by applying to the horizontal 
deflecting plates a periodic voltage 
that increases linearly with time up to 
&@ maximum value and then falls abruptly 
to zero. This causes the spot to "sweep" 

Fig. 5-5. Lissajous figurefor across the screen at a uniform velocity, 

3:2 frequency ratio, enclosed 55 that the deflection at any instant is 

a7 arectangle, proportional to the time elapsed since 

the beginning of the sweep. It is evi- 

dent that the required voltage is saw-tooth in form and may be 
obtained from one of the oscillators discussed in Sec. 4-11 to 
4-14, The arc-tube relaxation oscillator is used for this pur- 
pose in most oscilloscopes. The number of waves of Y voltage 
seen on the screen is equal to the ratio of the frequency of the 
Y voltage to the frequency of the sweep voltage. The pattern is 
stationary when the ratio is a rational number. Although the 
sweep frequency can be synchronized to the frequency of the volt- 
age under observation by adjusting the sweep frequency, small 
changes in frequency of either voltage cause the pattern to 
drift. This difficulty is prevented by introducing a small 
amount of the Y voltage into the circuit of the sweep oscillator 
in @ manner discussed in Sec. 4-10. "Locking-in" is accomplished 
with the least synchronizing voltage and hence with the least 
danger of distortion of the pattern when the free frequency of 
the sweep oscillator is slightly lower than a multiple of the 
frequency of the voltage under observation. 

In the voltage produced by saw-tooth voltage oscillators 
the fall in voltage at the end of the linear rise in voltage 
takes up a portion of the cycle that may be appreciable at the 
higher frequencies of oscillation. The return of the spot at 
the end of the linear sweep is therefore not instantaneous, and 
a portion of the cycle of the wave under observation is traced 
during the return sweep. Although this portion of the pattern 
is of relatively low brightness, it may be objectionable, par- 
ticularly at high frequencies. It may be eliminated by biasing 
the grid of the cathode-ray tube beyond cutoff during the re- 
turn sweep. One method of obtaining the required pulse of nega- 
tive voltage is from a small resistor in series with the tube 
that discharges the sweep-oscillator condenser, as, for instance, 
the current-limiting resistor used in series with the arc- 
discharge tube in the circuit of Fig. 4-23. This voltage may be 
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amplified if necessary, and applied to the oscillograph grid 
through resistance-capacitance coupling. Another method of ob- 
taining the pulse is by applying the sweep voltage to a condens- 
er-resistance pulse-sharpening circuit of the type discussed in 
Sec. 4-6. 

At sweep frequencies above 50 kilocycles the de-ionizatio 
time of the arc-discharge tube prevents the use of the simple 
arc-tube relaxation oscillator. One of the high-vacuum-tube re- 
laxation oscillators discussed in Secs. 4-11 and 4-14 must then 
be used. 


5-6. Linear Sweep with Long Rest Period.- It is some- 
times necessary to use the cathode-ray oscilloscope in the ob- 
servation of the wave form of a periodic phenomenon that is re- 
peated at a relatively low frequency, but takes place in a very 
small fraction of the repetition period. If the ordinary type 
of sweep voltage is used, the portion of the pattern that is of 
interest occupies only a small portion of the screen, most of 
the pattern consisting of a horizontal line. This difficulty 
can be avoided by allowing the sweep to occur only during the 
time in which the phenomenon takes place. This is accomplished 
by using the circuit of Fig. 4-27, which gives the voltage shown 
in Fig. 4-28a. The spot is deflected only during the portion of 
the cycle in which the triangular pulse occurs. If the oscilla- 
tor is synchronized to the phenomenon under observation in such 
a manner that the sweep is initiated at or slightly prior to the 
beginning of the phenomenon, the desired portion of the wave 
takes up the entire useful portion of the screen. Since the 
spot is stationary on the screen during the portion of the repe- 
tition cycle elapsing between two repetitions of the phenomenon, 
the grid of the cathode-ray tube must be biased beyond cutoff 
during this time. 


5-7. Circular and Spiral Sweeps.- Occasionally there 
4s some advantage in using a circular or spiral sweep, rather 
than a linear sweep. A circular sweep may be obtained by apply- 
ing to the two sets of deflecting plates sine-wave voltages of 
equal frequency and 90-degree phase displacement. These volt- 
ages may be obtained readily by the use of a series combination 
of resistance and capacitance, as shown in Fig. 5-64. The 
wave under observation may then be superimposed upon the circu- 
lar time base by producing a radial deflection proportional to 
the instantaneous voltage (Fig. 5-6b). The radial deflection 
may be produced by varying the second anode voltage and thus the 
deflection sensitivity. A better method is to amplitude- 
modulate the original input voltage to the phase-splitting cir- 
cuit of Fig. 5-6 by the voltage under observation, using a lin- 
ear modulator. 


—> 
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(1) 


(2) (3) 


Fic. 5-6b. Circular sweep patterns: (1) circular 
sweep alone, (2) wave of frequency 5 times that 
of sweep voltage superimposed on sweep, (3) 
wave of frequency 9/2 that of standard. (General 


Radio Co.) 


A spiral sweep is derived from a circular sweep by pro- 
ducing a linear saw-tooth variation of the voltage applied to 
the phase-splitting circuit. Modulation in accordance with the 
voltage under observation is superimposed upon this linear in- 


crease of sweep voltage amplitude. 


One of practical difficulties 


encountered in the design of a spiral sweep is that of causing 
the linear increase of sweep voltage amplitude to start at ex- 
actly the same point in the circular sweep in order that each 
spiral will coincide with the previous one. 

A modified form of the circuit for circular sweep, shown 
in Fig. 5-7, is useful in the comparison of frequency. The cir- 
cuit is such that by adjustment of the resistances and capaci- 
tances a circular pattern is obtained when each voltage is ap- 


plied separately. 


When the two voltages are then applied simul- 


taneously, a pattern is obtained that has one or more loops or 


ei C2 


Fic. 5-7. Circuit for the 
oscillographic comparison 
of frequency. 


cusps. The pattern is stationary if the 
ratio of the higher to the lower fre- 
quency fo/f,, reduced to its simplest 
form, is No/N,, in which N% and N, are 
integers. For the circuit of Fig. 5-7 
there are No + N, loops or cusps, pointed 
outward. In generating the pattern, the 
spot moves from one cusp or loop to the 
N,th next one. Thus N, may be determined 
by adding one to the number of cusps 
skipped by the spot, and Nz may be deter- 
mined by subtracting N, from the total 
number of cusps. If the position of one 
condenser and its associated resistor is 


interchanged, the pattern has Nz - N, cusps or loops, pointed 


inward. This type of pattern is 


usually more difficult to inter- 


pret. If the frequency ratio is not rational, the pattern 
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rotates and the frequency of rotation must be used in determin- 
ing the exact frequency ratio.~ 


5-8. Linear Electromagnetic Deflection,- In producing 
a linear sweep with electromagnetic deflection it is necessary 
that the current through the coil, and not the voltage impressed 
across it, shall be of saw-tooth form. Because the voltage 
across an inductance is proportional to the rate of change of 
current, the voltage necessary to produce a saw-tooth wave of 
current through the deflecting coils is not of saw-tooth form. 

In order to make it unnecessary for the sweep oscillator 
to supply the high current required to produce the sweep deflec- 
tion, the output of the oscillator is impressed upon the grid 
of a current amplifier, the plate current of which excites the 
coils, as shown in Fig. 5-8a. The equivalent plate circuit is 
shown in Fig. 5-8b. Curves A, B, C, and D of Fig. 5-9 show the 
wave form of the alternating plate current; the voltage across 


L Deflection 
R Coils 


(a) (b) 


Fic. 5-8. (a) Amplifier for electromagnetic sweep deflection. 
(b) Equivalent plate circuit. 


the inductance, which is proportional to the rate of change of 
current; the wave form of the voltage across the plate and coil 
resistance, which is proportional to the current; and the wave 
form of the ficticious voltage peg, which is the sum of the 
voltage across the inductance and that across the resistance. 
Since wp is assumed constant, the exciting grid voltage eg must 
be of the same form as Heg. A voltage of the form of Fig. 5-9d 
can be obtained from a saw-tooth oscillator when a resistance 

R* is used in series with the condenser, as shown in Fig. 5-10. 
If the condenser charging current is essentially constant, as 
required in order that the condenser voltage shall rise linear- 
ly, a constant positive voltage appears across the series re- 
sistance when the condenser charges, and a larger negative volt- 
age when the condenser discharges. The resistance thus supplies 


5, Reich, H.J., "Theory and Applications of Electron Tubes," McGraw-Hill, 
S60. 15+21. 
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Fic. 5-10. Sweep oscillator for 
magnetic deflection. 


the rectangular component of 
voltage required in the grid 
circuit. in order to produce a 
saw-tooth wave of current 
through the coil. In practice 
the series resistance is va- 
ried until the current wave 


Fic. 5-9. Wave forms of current and volt- ee eee) ele 
ages in the circuit of Fig. 5-8. (Time of At sweep frequencies 
return sweep greatly exaggerated.) of the order of those normally 
used in cathode-ray oscillo- 
graphs the impedance of the 
deflecting coils is sufficiently low so that appreciable increase 
of coil current can be obtained by the use of a step-down trans- 
former between the amplifier tube and the coils. This is par- 
ticularly true when a pentode is used, since the plate resistance 
of a pentode is high. The variation of load impedance and hence 
of sensitivity with frequency is one of the disadvantages in the 
use of magnetic deflection. 

The discontinuities in the voltage required to give saw- 
tooth current result in the generation of transient oscillations 
in the transformer and deflecting coils. Damped waves of cur- 
rent are therefore superimposed upon the desired saw-tooth wave 
of current. These can be eliminated by shunting the transformer 
primary or secondary with a resistance, but this has the objec- 
tionable effect of lengthening the return sweep. By shunting 
the transformer primary with a diode in series with a parallel 
combination of capacitance and resistance, as shown in Fig. 5-11, 
the damping is obtained only during the portion of the cycle in 
which the diode anode is positive. The diode is therefore con- 
nected so that it conducts during the forward sweep, when the 
plate current increases, but not during the return sweep, when 
the plate current decreases. 


D _| wes 
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Fic. 5-11. Amplifier for electromagnetic sweep. 


5-9. Amplifiers for Cathode-ray Tubes.- Amplifiers are 
used in connection with the sweep oscillators of cathode-ray 
oscilloscopes both in order to obtain the high sweep voltages 
necessary to give adequate deflection when high anode voltage is 
used and in order to make possible the variation of sweep ampli- 
tude without affecting the wave form of the oscillator output. 
It has been found that an amplifier capable of amplifying a saw- 
tooth wave without excessive distortion should be able to ampli- 
fy frequencies ranging from the fundamental up to the tenth har- 
monic without appreciable frequency or phase distortion. In 
modern cathode-ray oscillographs the sweep frequency can be 
varied from a frequency of 50 cycles per. second, or less, up to 
approximately 50 kilocycles. The amplifier must therefore be 
capable of amplifying without appreciable frequency or phase dis- 
tortion over a range of from 50 to 500,000 cycles. A similar 
requirement must be satisfied in amplifying a voltage of the 
form of Fig. 4-28a used as explained in Sec. 5-6, even though 
the repetition frequency is comparatively low. In the use of 
cathode-ray tubes in the study of the wave form of voltages or 
currents, in television, in ltonosphere sounding, and in similar 
applications, it is equally important that the amplifier used to 
amplify the Y-deflection voltages shall be capable of amplifying 
over this wide frequency range without distortion. Amplifiers 
of this type, which were first designed for the amplification 
of television signals, are called video amplifiers.° Because of 
the very wide frequency response required of video amplifiers, 
only direct or resistance-capacitance coupling can be used. 

The principal problem encountered in the design of video 
amplifiers is the loss of amplification at high frequencies rela- 
tive to midband frequency amplification as the result of tube 
and circuit capacitances, particularly input capacitance. Thi: 
problem may be solved in a number of ways. The simplest is the 


6. Discussed in Ch. 4. 
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use of low values of plate and grid coupling resistances, so 
that the capacitive reactance shunting the coupling resistances 
is large in comparison with the resistances at the highest fre- 
quency to be amplified, and therefore has comparatively little 
effect. This method achieves uniformity of amplification at the 
expense of amplification at midband and low frequencies. A sec- 
ond, more satisfactory method consists of the use of a small 
amount of inductance in series with the plate coupling resist- 
ance. The inductance resonates with the tube capacitance at 
high frequency and thus prevents the amplification from falling. 
In fact, the amplification may be made to rise at high frequen- 
cies by this method. Above resonance the amplification falls 
rapidly. The range of uniform amplification may be extended to 
even higher frequency by shunting the inductance by a small ca- 
pacitance. A third method of obtaining uniform amplification 
over the required wide frequency band is by the use of a band- 
pass filter of more complicated form as the coupling network. 
The fourth method is the use of "cathode-follower" or "unity- 
amplification" stages in the input of the amplifier and between 
high-gain stages. 

The cathode-follower amplifier, shown in basic form in 
Fig. 5-12, is a single-stage inverse feed-back amplifier in 
which the output voltage is taken from across the cathode re- 
sistor. By means of the equivalent plate circuit the student 
can readily show that the voltage amplification of this amplifi- 
er is: 

URic 


Trpeeee eH) he tebe 


Equation (5-3) shows that the 
amplification of a cathode-follower am- 
plifier is always less than unity. An 
analysis based upon the equivalent plate 
circuit also shows that the effective 
input capacitance of such an amplifier 
is less than Og, + Cgp, as compared with 
approximately Cg,y +UCgy in an amplifier 
in which the output is taken from a re- 
sistor in series with the plate. The 
Fic. 5-12. Cathode-follower effective input conductance is also less 
amplifier. than that of the ordinary type of ampli- 

fier. The output terminal admittance of 
a cathode-follower stage is 


Yo = 1/Re + (ph +1)/rp + jw(Cex + Cpx) (5-4) 


Since the second term of eq. (5-4) is of the order of 1000 ohms 
or less, the third term ts negligible by comparison at frequen- 
cies up to about 2 megacycles. Between the output terminals, 
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therefore, the amplifier acts like a pure resistance of value 
less than R,/(1 + Rxgm). Since most modern tubes have a trans- 
conductance in excess of 1300 micromhos, the effective output 
resistance may be readily made less than 750 ohms, and be as low 
as 170 ohms. Advantages attainable as the result of the low in- 
put capacitance, high input impedance, and low output terminal 
impedance, far offset the loss of amplification in the use of 
cathode-follower stages in video amplifiers. Because the cathode- 
follower amplifier is a degenerative amplifier, it introduces 
negligible amplitude distortion and is capable of handling a 
high input voltage without overloading. 

Figure 5-13 shows a typical amplifier incorporating 
cathode-follower stages. Use of the cathode-follower circuit 
in the input insures that low current and power will be*‘drawn 
from the source of the voltage under observation, and minimizes 
the danger of distortion as the result of current drain or phase 


Fic. 5-18. Resistance-capacitance-coupled amplifiers incorporating cathode- 
follower input and coupling (73) stages. 


shift caused by input capacitance. Furthermore, because of the 
low output impedance of this stage, the relatively high effec- 
tive input capacitance of the second, high-gain, stage has no 
effect upon the amplification and phase shift at frequencies 
below 500 kilocycles. The use of the cathode-follower third 
stage results in low effective capacitance in shunt with the 
grid and plate coupling resistors of the second stage. With the 
aid of the coupling inductance the amplification may be made 
constant and the phase shift small up to the required high- 
frequency limit of amplification. The low output terminal im- 
pedance of the third stage also prevents phase and frequency 
distortion as the result of the input capacitance of the final 
stage. 

It is of interest to note that the cathode-follower am- 
plifier is also very useful in coupling to a load having a low 


CATHODE-RAY TUBES AND CIRCUITS 223 


impedance, such ag a transmission line. The advantage of the 
amplifier over a transformer lies in the fact that output ter- 
minal impedance of the cathode-follower amplifier is independent 
of frequency. 

In order to prevent slowing up of the electron beam, at 
least one of each set of deflecting plates must be connecced to 
a@ positive point of the cathode-ray tube voltage supply, usually 
to the second anode. Figure 5-14 shows one circuit used in coup- 
ling the output of an amplifier to the deflecting plates. By 
means of the adjustable volt- 
age divider the direct voltage 
between the deflecting plates 
can be changed, and the pat- 
tern thus be displaced on the 
Screen. Because the two de- 
flecting plates are not at the 
Same potential relative to the 
anode in this circuit, the de- 
flecting field is distorted in 
a@ manner that causes defocus- 
ing of the spot when it is de- 
flected. For this reason it 

Fic. 6-14. Oscillograph amplifier with is now the usual practice to 
eontrol for displacing pattern. use a push-pull amplifier in 

applying the excitation to the 

deflecting plates. Figure 5-15 

Shows a circuit that can be used for this purpose. This circuit 
incorporates cathode phase inversion.’ The alternating voltage 


B+ 


Fic. 5-15. Use of cathode phase-inverter to excite cathode-ray tube. 


7. Schmitt, 0.H., J. Sci. Inst. 15, 136 (1938); Rev. Sci. Instr., 12, 548 (19hi 
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produced across the cathode resistor as the result of the grid 
excitation of V, is impressed upon the grid of Vs in such po- 
larity «s to make the grid excitation of Ve 180 degrees out of 
phase with that of V,. The output voltages of the two tubes are 
therefore opposite in phase. By proper choice of resistances 
the output voltages can be made equal in amplitude. Fig. 5-16 
shows a single-sided transformer coupled circuit that will oper- 
ate satisfactorily over a narrower band of frequencies. 
Figure 5-17 shows 
the circuit diagram of a 
modern cathode-ray oscillo- 
graph. The student should 
note the following features: 
| beck 1. The use of 
cathode-follower circuits 
in the first and fourth 
stages of the Y-deflection 
pa (vertical) amplifier. A 
Voltage 3ingle twin-triode tube is 
Fic. 5-16. Transformer coupling to cathode- rei beanies: 
ray tube. The first and second stages 
of the sweep amplifier also 
use the cathode follower 
circuit. The output of Veg is applied through a pulse-sharpening 
circuit, C29 and R49, to the grid of the cathode-ray tube in 
order to eliminate the return sweep. Because of the low output 
terminal impedance of the cathode follower stage V8, the pulse- 
sharpening condenser does not cut down on the high-frequency am- 
plification. If an amplifier stage of the ordinary type were 
used,, the voltage pulse would be applied to the grid of the 
cathode- ray tube in the wrong polarity. The functions of the 
cathode follower stages Vl, V4, and hice have been discussed ear- 
lier in this section. 

2. The use of inductances Ll to 16 in the coupling cir- 
cuits in order to improve the frequency response. 

43. The use of cathode phase inversion in the push-pull 
amplifiers V5-V6 and V10-Vl1l. 

4, The manner in which the deflecting electrodes are 
connected through high resistances to a positive a in the 
cathode-ray-tube power supply. 

5. The use of a condenser-resistance filter C31-R53-C30 
in the output of the half-wave rectifier V13 that supplies volt- 
ages to the cathode-ray tube. A similar filter C35-R56-C36 is” 
used in the output of the half-wave rectifier V15 that. supplies 
biasing voltage to the amplifiers V1 and V4. 

6. The use of a single secondary winding to supply the 
three rectifiers V13, V14, and V15. 


Input 
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Fic. 5-18. Dumont type 185 electron switch arid square-wave generator. 


7. The voltage stabilizer V16-V17, which is of the gen- 
eral form of that of Fig. 2-14. 

8. The switch S4 used to apply a high negative bias to 
the grid of the cathode-ray tube in order to turn off the beam 
without changing the adjustment of the intensity control R5l. 


5-19. Electronic Switches.- A useful device that is 
often used in conjunction with cathode-ray oscillographs is the 
electronic switch, which makes possible the simultaneous obserya- 
tion of two waves on a@ Single screen. The device consists es- 
sentially of two amplifiers the outputs of which are connected 
in parallel to the plates of the cathode-ray tube. The two 
voltages to be compared are impressed upon the two amplifiers, 
which are biased alternately tc cut off by means of saw-tooth 
biasing voltage impressed in opposite phase in oneof the grid cir- 
cuits ofeach of the amplifiers. If the square wave is symmetrical 
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Fic. 5-19. Circuit diagram of electronic switch. ‘‘K”’ represents one thousand ohms. 


each amplifier amplifies during half the time. The square-wave 
generator may be synchronized to the sweep oscillator in such a 
manner that each amplifier operates during alternate sweeps, or 
the switching may be accomplished at a higher or lower frequency 
If the waves under observation are of low frequency, objection- 

able flicker can be avoided by switching at a frequency many 
times the sweep frequency. The two patterns then appear on the 
screen as dashed or dotted lines. Figure 5-18 shows the circuit 
of an electronic switch that is driven by a separate source of 
switching voltage. The amplitudes of the individual waves are 
adjusted by means of P, and P2. The patterns are displaced 
relative to each other by means of P,. . Figure 5-19 shows a cir- 
cuit that may be driven by means of the sweep oscillator, or by 
@ separate saw-tooth or square-wave oscillator coupled through 
a pulse-sharpening circuit.® 


8. Reich, H.J., Rev. Sci. Instr., 12, 191 (1941). With bibliography of 
9 items. 
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Chapter 6 


MODULATION 


The effective transmission by radio means of a signal 
Which originally is picked up by a microphone in telephony, or 
is created by the operation of a key or switch in telegraphy, 
or is generated by a separate electronic device in the case of 
television or the "terrain clearance meter" for determining the 
height of a plane above the earth, or is otherwise introduced 
into an electric circuit, can only be accomplished if the fre- 
quency is considerably above the audio range in value. The 
electric signal generated in a microphone from a sound wave may 
be transmitted directly to the receiving station over a wire 
transmission line. On the other hand, this same signal cannot 
be transmitted to the receiving station by radiation through 
space with an efficiency sufficiently high to be feasible and 
without a prohibitive amount of interference if more than one 
transmission takes place at the same time. Consequently, the 
average frequency of the signal must be raised, usually by a 
large amount. It is shown in Ch. 12 (Radiation) that the energy — 
radiated for a given amount of input power to an antenna goes up 
as some positive power of the frequency, so that the energy that 
can be radiated at audio frequencies is practically negligible, 
whereas the energy that can be radiated at 1 megacycle (1,000,000 
cps; this is in the commercial broadcast band) for the same in- 
put power is quite appreciable. In order to radiate a plurality 
of signals simultaneously without having one interfere with the 
other at the receiver, the signal sent out by one transmitter 
must have a frequency range not overlapping that of any other 
transmitter the radiation from which can also be received by the 
receiver. 

A change of the average frequency of the input signal 
is not only desirable in radio communication but also it is fre- 
quently useful in other types of communication. In telephony 
or other signaling using conductors, numerous signals may be 
transmitted separately over a single suitably designed two- 
conductor circuit provided that in transmission the various sig- 
nals are restricted to frequency ranges that do not overlap. 
Such a system is called carrier telephony, and in some two- 
conductor circuits as many as 200 separate signal channels are 
available. Suitabie filters must be used at the receiving end 
of the system to separate the different channels. 

Again, in a superheterodyne receiver the average 
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frequency of an incoming signal, whatever it may be, is reduced 
to a fixed value to utilize a fixed-frequency intermediate am- 
plifier. This process is closely allied to the process by which 
frequency changes requisite for radiation, carrier transmission, 
etc., are brought about. 


6-1. Definition and types of modulation.- Modulation is 
the process of producing a wave some characteristic of which va- 
ries as afunction of the instantaneous value of another wave, called 
the modulating wave. The term "wave" is used here as in sine-wave 
current or voltage, and is a generic term indicating current, 
voltage, or other electrical quantity varying with time. The 
modulating wave is usually the signal; the resultant of modula- 
tion is the modulated wave which is the wave having some char- 
acteristic "which varies as a function of the instantaneous val- 
ue"* of the modulating wave. 

Consider a wave (current, or voltage, or other time- 
varying electrical quantity). 


A cos (wt + 6) (6-1) 


in which t is time. If either A, @, or wis varied in accordance 
with some function of the instantaneous value of some other wave 
(the modulating wave), then (6-1) represents a modulated wave. 
The types of modulation’ possible are thus many, but at the pres- 
ent time only two or three are practically important. These are 
amplitude modulation (A-M), in which A of (6-1) is varied in ac- 
cordance with the modulating wave, while w and ® remain constant; 
frequency modulation (F-M), in which the frequency is varied 
while A and @ remain constant; and phase modulation (only 6 
varied) which is usually considered in connection with F-M. The 
essential characteristics of the various types of modulation 
will be set out below, after which the means of achieving them 
will be discussed. 


6-2. Characteristics of Amplitude Modulation.- Let 
6, =.E, COs 0.,t ..be.e Sslgnal voltage, and let ¢. = EA cos 
(Wot + 6) be a voltage independent of eg, called the carrier 
voltage; Wo/2t is the carrier frequency, f 5, assumed to be much 
greater than the signal frequency, fs = Wg/2n, and to be in the 
range suited to the problem at hand; that is, to the channel 
available or the frequency range in which it is desired to 
transmit. Then 


Cg = Eq (1 + kEg cos Wgt) cos (wot + 6) (6-2) 


is an amplitude-modulated wave, in which E, of e, has been 


1. Standards on Transmitters and Antennas, 1938, I.R.E., p. 3. 
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replaced by Ea(l + kE, cos Wsgt) where Eg and k are constants de- 
pendent on Ep and the electrical system producing the modulation. 
It is customary to write the amplitude-modulated wave in the 
form 


6, = Ball fin, cos ®t) cos {wt + 6} (6-3) 


where mg is the modulation factor, and 100 mg is the percentage 
modulation. | 
Expanding the expression (6-3) for eg gives 


Ca = Eg cos (wot +6) + = EaMag cos [(W, + Wg)t + 8] 


+ = Bema! com. | (We i= twel)t 429} (6-4) 
in which the first term is of carrier frequency, the second has 
a frequency called the upper side-frequency, equal to the sum of 
the carrier and signal frequencies, and the last has a frequency 
called the lower side-frequency equal to the carrier minus the 
Signal frequency. Thus eg given by (6-3) is the sum of three 
waves each of different frequency. ~ Illustrations of amplitude- 
modulated waves discussed here are pietured in Fig. 6-1. The 
Signal eg is contained in (6-3), but the equivalent three waves 
of (6-4) show that the frequencies of the resultant simple sine 
waves are in the neighborhood of Wo rather than Wg. 

It is worth noting that (6-3) is not necessarily the 
equivalent of a Fourier analysis. On the other hand, the coef- 
ficient Ea(1 + ma cos wst) of the carrier wave in (6-3) is peri- 
odic, and in the practical case in which Wo—>>Ws, the coefficient 
is the envelope of the modulated wave, as indicated in Fig. 6-l. 
The signal may thus be considered to be contained in the varying 
amplitude of cos (Wot +96) as indicated by (6-3), i.e. in the 
envelope of the modulated wave as indicated by Fig. 6-1, or al- 
ternatively in the carrier® and the two side-frequency sine 
waves, as indicated in (6-4). All these are equivalent. 

If wo/2n is made the frequency desired for transmission, 
the signal eg has been combined with the carrier to give a re- 
sultant (6-4) in which the waves are simple sine waves with fre- 
quencies at or near the frequency of transmission. If (6-4) is 
to be radiated or otherwise transmitted, a channel 2W,/2n wide 
must be provided,* and suitable apparatus at the receiving end 


2. When the signal contains numerous terms of different frequencies, the 
group of terms of frequencies of the type Wo + Ws is called the upper side 
band, that of type Wo- Wg the lower side band. 

3. Note that the carrier is not fundamentally essential to communication 
since the signal is contained in the two side bands alone. 

4, If the signal contains terms of different frequencies, W, must be taken es 
the greatest value of W, to be transmitted. 
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Fic. 6-1. Amplitude-modulated waves. Curve (a) is a carrier, curves (b), (c), and 
(d) are amplitude-moduated waves. Each modulating wave (not shown) has a form 
identical with that of the envelope of the corresponding modulated wave. For 
curves (b) and (d) the modulation is approximately 25%; for curve (c) 60%. (Note: 
the carrier for curve (c) is of the same frequency as (a) but of a greater amplitude.) 


must be supplied to change a received wave proportional to eg 
back to one proportional to eg (Ch. 7). 

If the instantaneous voltage eg were applied across a 
fixed resistance R, the power dissipated would be enter and the 
average power dissipated would approximate E,/2R corresponding 
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to the first term on the right-hand side of (6-4), plus mg*E,7/4R 
corresponding to the two side-frequency terms. Since the ampli- 
tude of the signal Eg is contained in mg, and Wg in the side- 
frequency terms, the average power corresponding to the signal 
would be greatest, in relation to the average carrier power, when 
M, was made aS large as possible. The maximum for mg is unity 
(100 per cent modulation), and the above argument shows in a 
rough way that for a fixed carrier intensity, the greatest amount 
of energy-bearing information concerning the original modulating 
Signal will be received when modulation is 100 per cent. If the 
original signal, as in the transmission of speech, contains many 
terms and is not a pure sine wave, not all components of the 
Signal can be 100 per cent modulated, but the maximum modulation 
should be 100 per cent. Figure 6-1 ¢ shows a modulated wave in 
Which the modulating signal is not a pure sine wave. 


6-3. Characteristics of Frequency Modulation.- If, in 
(6-1), w were made to vary directly as eg = Eg cos Wgt, the prod- 
uct wt would depend on t, so that different results would be~ob- 
tained at different times with the same signal. This is unde- 
sirable and is not used. However, when the frequency is a con- 
stant, the complete argument o of the cosine function A cos » 
may be considered as resulting from the operation © = fw at; 
and this gives 


A cos (fw dt) = A cos (wt + 6) (w = const. ) (6-5) 


where © is the constant of integration. By extending this notion 
to include cases where the frequency is varied, one obtains a 
useful ° concept of frequency; namely, the instantaneous fre- 
quency of a sine wave with a varying frequency is the w under 

the integral sign in (6-5), or, written in a slightly different 
form: 


w = do/dat (6-6) 


Consider a signal voltage e, = Eg cos Wgt and a carrier 


5. But approximate; the concept of frequency as the derivative of the argu- 
ment of the sine wave is useful here but breaks down in certain other 
cases, and particularly at low frequencies. Use of a constant frequency 
is so common that a word of explanation concerning variable frequency may 
be desirable. The definition of "frequency" when frequency is varying is 
not easy. A simple definition is that instantaneous frequency is 2/T 
where T is the time. between two adjacent zeros. This definition has seri- 
ous drawbacks. In seeking for another definition which, when w is constant 
will give the usual results, (6-5) and (6-6) appear logical and easy to 
handle. But such a definition does not assure that common ideas of fre- 
quency can be applied to the varying frequency case, and leads to such 
anomalies as that discussed in the next footnote. 


234 ULTRA-HIGH-FREQUENCY TECHNIQUES 


voltage eg = E, cos (wot + 6). If, now, by an appropriate cir- 
cuit wis made to vary so that 


W= Wi (1 + KE, cos wet) (6-7) 
= Wo(l + me cos wst) (6-8) 
then the wave e = E cos (fwdt) (6-9) 


is a modulated wave, called a frequency-modulated wave, in which 
the signal voltage eg is contained in the angular frequency W 
given by (6-7). In (6-7) and (6-8), wo is the constant carrier 
frequency (in commercial F-M broadcasting W,) is of the order of 
magnitude of 45 Mc) and mpuwo/2n = mrfo is the frequency devia- 
tion. It is essential to keep in mind that mr depends on E, 
but not on wg. 

Although the idea of defining an instantaneous frequency. 
as above is useful, the actual application of a voltage of the 
form of (6-9) to a circuit, or the passage of a current of this 
form in the circuit, or the radiation of fields due to a current 
of this form, is most easily handled by breaking (6-9) into sim- 
ple sinusoidal waves of constant frequency. This is analogous 
to the procedure in the A-M case, where the wave (6-3) of vary- 
ing amplitude was split into three waves [carrier and upper and 
lower side-frequency waves, each having constant amplitude, fre- 
quency, and phase angle (6-4) ]. 

From (6-9) and (6-8) 

mf 


e = E cos (fw dt ) = FE cos [Wot + @o=—"Jein dst +0) (Gen 
Wg 


Write the last expression 
e=E cos (wot +6 + a sin Wet) 
=E[cos (a sin wet) cos (wot + 6) - sin (a sin Wgt)sin(wot +6)] 
(6-178 


where a = Womr/Wg- There are expansions for quantities of the 
type cos (a sin wgt) and sin (a sin Wgt), which, although not 
particularly common, nevertheless are not extremely difficult to 
deduce. These are 


6. Although mpfo is called the frequency deviation, it is not the greatest 
difference between the carrier frequency and the side frequencies dis- 
cussed below. The frequency deviation is the maximum change in the in- 
stantaneous frequency defined in (6-6), but this does not say that a group 
of sine-wave components into which the F-M wave can be resolved will be 
limited to frequencies within mpf, of the carrier. 

7. Gray, Mathews, and MacRobert, "Bessel Functions," Macmillan and Co., 

1051 peso. 
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si ; 
= cos (a sin Wst) = =Jo + Jo cos 2Wgt + J, cos 4wet +... (6-12) 


= 
2 2 
) 


vo 
and = sin (a sin wet) = J, sin wst + Jg sin ZWst +... (bao) 


2 
where each J is a constant which, however, changes with change 
in a; that is, each J is a quantity depending on a only.” 

Substituting (6-12) and (6-13) into (6-11) and combining 
terms trigonometrically, there results 


Frequencies of terms 
ei Jo cos(Wot + 8) Wo (carrier) 
+J, cos [(Wo + Wy jt + 8) - J, cos [(Wo - Wg)t + 8) |Wo+ Wy and Wo - 0, 
+ Ja cos [(Wo + QW,)t + 6] + Jo cos [(Wo - AWg)t + O]}Wo + ow, mak ie - QW, 


+ etc. (6-14) |Wo + Wy, etc. and Wo - W, , etc. 


Thus e may be resolved into terms of carrier frequency 
Wo, upper side frequencies Wo, + Ws, Wo + 2Ws, etc., and lowér 
side frequencieS Wo - Ws, Wo - 2Ws, etc. It should be noticed 
that the negative sign before the term of frequency Wo - Wg in- 
dicates that this side frequency has the opposite phase than 
that of its mate of frequency Wo + Ws. The F-M wave is similar 
EG the A-M wave in that it has a carrier and upper and lower 
side bands, but differs in the relative phases of the side fre- 
quencies and in their number, which for a sine-wave signal is 
many more than two. The number of side frequencies is deter- 
mined by the fact that calculation of the J's shows that the 
J's begin to approach zero in value when n is larger than a, so 
that the large number of side frequencies indicated in (6-14) 
is limited by this fact. But almost always F-M requires more 
side frequencies than the two of A-M, and for this and other 
reasons F-M channels in commercial broadcasting are 200 ke wide, 
compared with the 10-ke width of A-M channels. Figure 6-2 shows 
the relative size of the various sine-wave components of several 
F-M waves. ‘Pieracci® gives pictures obtained with the use of 
an F-M monitor which shows the amplitude and frequency distri- 
bution on a cathode-ray oscilloscope. A trace of one such pic- 
ture is given in Fig. 6-3 and should be compared with (e) of 


Pig, .6=2. 


8, All the J's can be computed from the one formula 


oe ve oe (sj 


k = O 


The J's (Bessel Functions) are used again in Ch. 14, 
9. Pieracci, Roger J., Proc. I.R.E. 28, No. 8, Aug. (1940). 
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6-4. Phase. Modu- 
lation.- Phase modulation 
Ls quite similar to fre- 
quency modulation. If in 


e=E cos (wot + 0) (6-15) 


the phase angle 6 is va- 
ried iIny.direct: proportion. 
to the signal eg, = Eg, cos 
Wgt while E and the car- 
rier frequency w, remain 
constant, the signal is 
effectively contained in 
the result below, (6-16), 
and the latter constitutes 
&@ phase-modulated wave 

—100 —50 a +50 +100 ke. e = E cos (Wot As Sn as Mp 


Fic. 6-3. Relative amplitude of the sine-wave cos wWg,t) (6-16) 
components of an F-M wave (eq. 6-11); deviation ; 
(mzf,) =30 ke, signal frequency f,=15 ke. Curve Here 05 i8 a constant and 
is trace of an oscillogram obtained on an F-M Mp» directly proportional 
monitor. Compare (e) of Fig. 6-2. (From Pier- 45 E,, is the modulation 


acci, Proc. I. R. E., Aug. 1940.) factor for phase modula- 
tion. Comparing (6-16) 
with (6-10), it is seen that phase modulation differs from F-M only 
i. the fact that mp/w, is the coefficient of the sinusoidal term 
n (6-10) whereas mp is the corresponding quantity in (6-14). 
2 by an appropriate circuit a factor Mp /Wd g can be introduced in 
place of mp in (6-14), the phase modulation becomes F-M. This 
procedure is a practical one, carried out in the case of one 
F-M system. 
Because of the close connection between phase modulation 
and F-M, the former will not be discussed further.*° 


6-5. Types of Amplitude Modulation.- Amplitude modula- 
tion is usually produced in a non-linear circuit, although the 
term linear modulation is used in some cases to denote a direct 
proportionality between certain factors. 

Square-law on Small-signal Modulation. This type of 
modulation can be illustrated by using the series expansion for 
plate current given in Ch. 2, namely, 


ip = aye + ase” + age? + +... (6-17) 


where the a's are constants, the value of each depending upon 


10. For use of a phase-modulation system in practice, see Crosby, Murray G., 
"Communication by Phase Modulation," Proc. I.R.E., 27, No. 2, Feb. (1939). 
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the tube characteristics and external circuits, and e = eg +vp/U 
in which eg is the varying grid-cathode voltage and Vp is the 
introduced voltage in the plate circuit and yp the amplification 
factor of the tube. | 

If, by introducing the signal voltage eg = Eg ¢0S Wgt 
and the carrier voltage E, cos (wot + 6) in either the grid or 
plate circuit, or one in the grid and the other in the plate 
circuit, the equivalent voltage e in (6-15) becomes 


Eg coS Wgt + E, cos (Wot + Q ) 


or a Similar expression with 1/u before one or both terms, then 


e* SES + aE cos Qwgt + =o + SE” Coss £aWiob. + 6) 


+ EsE, cos [(W) + Ws)t + 0] + EgEo cos [(Wp - Wg)t + 6] (6.18) 


Assuming that Wo>>W,g and that frequencies not near W, can be 
eliminated by tuned circuits or filters, it is seen that the 
last two terms in e~ give the upper and lower side frequencies. 
Thus the plate current contains numerous components of which 
those with frequencies near Wo are 


Ip = 81Eo cos (Wot +6) + azE Eg cos [(Wo + Ws)t + 9) 
+ @2EoEg cos [(Wo - wys)t + 8] (6-19) 


plus possible contributions from ase*, a4ge*, etc. Equation 
(6-19) is of the same form as (6-4), hence amplitude modulation 
has been achieved provided the ip given by (6-19) can be sepa- 
rated from the total ip, as is possible. 

It is seen that operation of a modulator on the princi- 
ple outlined above depends on emphasizing the coefficient az. 
When no grid current’ flows and pp is constant and the load is 
pure resistance Yo, 


<7 8 ' 
a = 
-% APomety) 


(6-20) 


where rp = Or,/bep. Thus @2 is greater the greater the curva- 
ture of the ip - ep» characteristic since 6{p/6ep = 1/r,, and 
Orp/Sep = - rp*(871p/S6ey ). When the load contains reactance, 
or when p varies, or ig is not zero, or other change occurs from 
the simple case considered above, amplitude modulation is still 
obtained but as is a rather complicated function of the tube and 
associated circuit parameters.'+ 

The amount of modulated output available without appre- 
ciable distortion in a square-law modulator of the type described 
above is not great, and the efficiency is low. Numerous circuits 


11. McIlwain and Brainerd, "High Frequency Alternating Currents," Appendix A, 
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can be devised: introducing the signal voltage into the grid 
or plate circuit and the carrier into the grid or plate Circuits 
having the grid negative or positive, applying one voltage to 
one grid and the other to another grid of a multielectrode tube, 
etc. Likewise a non-linear impedance can be used for modulation, 
Sirce the current through the device can usually be related to 
the voltage e across it by an equation of the form of (6-17) 
when e is small. But present-day amplitude modulation is often 
produced by varying the potential or bias of an electrode of an 
amplifier or an oscillator, as outlined below. The modulator 
is then the tube and accompanying circuit which causes the bias 


to vary, and the tube in which the modulation products are pro- 
duced is called a modulated amplifier. 

Linear Modulation. It is possible to consider amplitude 
modulation from a different point of view from that used above-- 
&@ point of view quite important if the carrier and modulating 
voltages are large, or if operation occurs near a sudden change 
in a tube characteristic, as at cutoff. If a carrier voltage, 
Eo cos (wot + @), were introduced into the plate circuit of a 
triode, the variation in potential caused by the signal voltage, 
@€g = Eg cos Wgt, also introduced in the grid circuit could be 
considered the equivalent of a relatively slow change (w,>>ws), 
in the grid bias. Assuming the bias to be near cutoff when e 
and eg, are absent, a plate current is produced which has a wave 
form indicated in Fig. 6-4. By u8e of a suitable output circuit, 
the carrier and the two side bands of amplitude modulation can 
be separated from the wave (a parallel resonant circuit tuned 
to carrier frequency may give large voltage at the carrier and 
Side frequencies, small voltage at other frequencies), and hence 
a wave of form (6-4) is yielded. 

The problem can be viewed somewhat more generally. It 
is almost always possible to set up a series approximating any 
curve as closely as desired. Equation (6-17) is such a series. 
If for a tube, whether diode, triode, tetrode or other, a dynam- 
ic characteristic can be obtained, that is a characteristic for 
actual a-c operating conditions making full allowances for 
changes in potentials of various electrodes when currents are 
varying, then a series can be set up to approximate this char- 
acteristic as closely as needed. Thus a curve of output current 
i versus input voltage e, on whatever electrodes these may ap- 
pear, permits writing an equation 


4 = Dy bo. Do OS is blew a (eaci 


where the b's are constants for a given tube under fixed operat- 
ing conditions. 

However, if e is small, or if the series is not a simple 
Taylor series (when the tube is driven beyond cutoff the series 
will not be the Taylor series which is usually implied by 6-17), 
the use of the series may become quite involved. To simplify 
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the problem, consider the case in which e is the sum of two sine- 
wave voltages 


Eo cos (wot + 6) 


€o 
Cs = Eg cos wt 
No matter how extensively the series (6-21) might have to be 
taken for practical purposes, it will be possible to break the 


result into Eg cos (wot + 6') multiplied by a factor G involv- 
ing @g, the circuit parameters, etc., plus cos (2Wot +0") 


tp 
| iy 
ane tl Time—> 
—$ > ) Ce : 
= =—— 
a 
£ 
= 
{ 
multiplied by some other factor, and so on. Hence 
1 = GEo cos (Wot + 0') : (6-22 ) 


is one part of the response. Now if G varies linearly with é,, 
so that 


G = Go(l + kEg cos wet) 


then this part of the response becomes 
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= 
Il 


E 
GoEo(1 + Se COS Wst) cos (Wot + 0') 
O 


GoEo(1 + mg cos wgt) cos (Wot + 6') (6-23) 


which is an amplitude-modulated wave (see eq. 6-3). 

In the case illustrated in Fig. 6-4, eq. (6-23) still 
holds, but Go must be interpreted as a constant at each instant 
for which €o + @g > cutoff, and zero at other times, thus clip- 
ping off the bottoms of the output wave. 

From the above discussion the source of the name "lin- 
ear modulation’ should be clear, and we can see the desirability 
of having a linear G vs Eo characteristic to reduce the output 
to (6-22), and thus eliminate distortion. But distortion may be 
tolerated if it can be eliminated, as is possible in the case 
of Fig. 6-4, and is accepted in such cases for the sake of great- 
er efficiency. 

The efficiency of the modulation can be increased when 
using a Class B or Class C driver, and the appropriate components 
in the plate current can still be Separated out for use. Fig- 
ures 9-3 and 9-4 (Ch. 9) show circuits for plate-circuit modula- 
tion and grid-circuit modulation. In Fig. 9-4 it can be seen 
that the portion of the circuit marked "modulator" is the part 
which varies the grid potential, in accordance with the input 
Signal (indicated by "From Speech Amplifier"), of the tube in 
the part of the circuit labeled: "Modulated Amplifier." The car- 
rier (indicated by "Class C Driver") is introduced into the grid 
circuit of the "Modulated Amplifier" in the plate circuit of 
Which is a tuned parallel circuit from which the voltage output 
is taken. 

In Fig. 9-3 is shown a circuit for plate modulation 
(variation of plate potential by Signal voltage instead of grid 
bias as above) of a Class C amplifier. The signal (entering at 
terminals marked "From Speech Amplifier") feeds into a Class B 
push-pull circuit the output of which is in the plate circuit of 
the modulating amplifier. The plate potential of the latter is 
thus varied in accordance with the signal voltage, while the 
grid potential is varied in accordance with the carrier voltage 
input. A parallel tuned circuit separates the desired modula- 
tion voltages from those of other frequencies, and thus supplies 
the output. 


6-6. Types of Frequency Modulation.- There are two im- 
portant methods of obtaining frequency modulation, by reactance 
variation and by the Armstrong method. 

Reactance-variation Method of Frequency Modulation. The 
reactance-variation method of frequency modulation consists es- 
sentially of varying the frequency of the output of an oscillator 
by introducing the equivalent of a varying capacitance or 
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inductance into the oscillator circuit. It was shown in Ch. 4 
that numerous common oscillators produce oscillations of fre- 
quency given approximately by 


1 


— ry 6-24 
SNE ( ) 
If now L remains constant and C varies so that 

C = Co(l + k cos Wet) (6-25) 


where O<k<l and k cos Wgt is directly proportional to a signal 
Cg = Eg cOS Wat, then 


1 1 
ee LE. XLS ees Goss iae 


the last approximation holding only when k is quite small. Since 

1/ VLCo can be considered the carrier frequency (it is the value 
of w when k = 0), the instantaneous frequency given by (6-26) is 
directly proportional to the signal es, hence frequency modula- 

tion is attained. 

The above argument will serve as an introduction, but 
cannot be considered other than an extremely gross approxima- 
tion. Equation (6-24) is derived on the assumption that L and C 
are constants, and does not hold when a circuit parameter such 
as C varies with time. It is possible, however, to set the 
theory of the reactance-variation method on a better foundation. 
The simplest oscillator is an L-C circuit (Fig. 6-5) containing 
either no resistance, or a device which counterbalances the ef- 
fect of resistance by supplying energy to the circuit to compen- 
sate for both resistance losses and energy supplied to the load, 
if any. Many commor oscillators reduce to the equivalent of this. 

Let i = dq/dt be the current in the 
circuit of Fig. 6-6. The total capacitance 
C in the circuit is Co(1 + k cos W,gt), and 


1 
Os ins ok cos Wet) (6-26) 


di 1 d*q q 
baer Lo + 5 fidt=Lig+e=0 (6-27) 
whence 
a*q q 
Ga Gare er eT a, (6-28) 
Fic. 6-5. Simple L-C dt ~§ LCo(1 + k cos wet 


circuit; wheneffective Now 1/LCo = wo” where Wo may be considered 
resistance of circuitis tne carrier frequency, since it is the fre- 
zero, represents sim- < 
plest oscillator. quency of oscillation when k = 0; and when 
k << 1,(6-28) may be written 
dq 
aes Wot (Deore cos cogtad =< 0 (6-29 ) 


ariable portion indicate 
(dashed) as separate capacitor. 


neous frequenc is Ww. Figures 
6-7 and 6-8 show the actual q and i which are solutions of (6-28) 
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Fic. 6-7. Variation with k of char in eq. (6-25); wo /ws = 40. 
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Fic. 6-8. Current i= dq/dt in eq. (6-25) ;w>. /ws =40;k as indicated 


when k is not small. The figures serve to illustrate a frequen- 
cy-modulated wave with some amplitude modulation, and the result 
which may be expected when such a wave is supplied to a limiter 
is illustrated in Fig. 6-9. A limiter is a device to limit 
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FIG. 6-9. Current i = dq dt ineq. (6-25); WoW, = 40; k as indicated. 


amplitude, and one of the advantages of frequency modulation is 
that amplitude modulation can be clipped off the wave without 
Substantial harm to the frequency modulation. 
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The production of the equivalent of a varying capacitance 
or inductance may be obtained by a tube circuit of which the 
typical elements are shown in Fig. 6-10a, in which L and Co are 
the fixed parameters of an oscillator circuit, Z, and Zs, are two 
impedances, in series and with the same current I in each so 
long aS no appreciable grid current flows. Assuming the tube to 
be an amplifier, the equivalent plate circuit theorem yields 
Fig. 6-10b as the equivalent circuit. The admittance Yap look- 


(a) (b) 


Fic. 6-10. Reactance tube circuit and equivalent circuit. 


ing into the terminals AB to the right is 


Yap == = Sade (6-31) 
= E E 
where the last expression is an approximation dependent cn hav- 
ing Z, >> Zs and the impedance Z, of the parallel L-Co circuit 
or such other circuit as the oscillator may present much greater 
than Z,, etc. 
For Z; = 1/jwCz and Ze = Re 


> 


: E Maps) 2: 


YAB = &m a a a a &m == jgmwC Re (6-32) 


IN 
wt) 


Thus the impedance looking into AB approximates that of a capaci- 
tor of capacitance g,C0,Rs. If, now, by inserting the modulating 
Signal in the biasing circuit of the grid the mutual conductance 
Zm can be varied in accordance with the modulating signal, then 
the capacitance looking into AB will be varying according to the 
modulating signal, and this will frequency-modulate the oscilla- 
tor. A different combination from that used above is Z, = R, 
and Z2 = 1/jwC2, which yields the equivalent of a varying induc- 
tance. This circuit is shown in Fig. 8-5 of Chapter 8 where, 
however, the reactance tube is being used in an automatic fre- 
quency control=-the potential from the discriminator in the 


12. Travis, Charles, "Automatic Frequency Control," Proc. I.R.E., Vol. 23, 
No. 10, Oct. 1935; D.E. Foster and S.W. Seeley, "Automatic Tuning, Sim- 
plified Circuits, and Design Practice," Proc. I.R.E., 25, No.3, March (1937). 
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figure changes the grid bias, hence the gy of the tupe, hence 
the frequency of the oscillator. 

It will often be convenient to apply the oscillator volt- 
age to one grid and the signal voltage to another; in Fig. 6-11 


To 


Oscillator : 
Modulating 


Signal 


+B 
Fic. 6-11. Pentagrid tube used as reactance tube. 


the oscillator input and the modulating signal circuits are 
Shielded from one another. 

Armstrong Methou of Frequency Modulation.?® The Arm- 
Strong method achieves frequency modulation by way of amplitude 
modulation and phase modulation. By (6-3) 


Ca = Eg(l + ma cos wst) cos (wot + 6) 


Ea cos (wot + 6) + maEg cos wgt cos (wot + 4) (6-33) 


is an amplitude-modulated wave. Now assume that a 90° phase 
shift can be introduced in the cos(wot + @) in the second term 
of: (6255 ) = *Fhen 


Cap = Eg cos (Wot +0) + mgE, cos Wet sin (Wot +0) 
= EqVl + ma~ cos* Wst cosa [Wot + 6 - tan? (ma cos Wet) ] 


(6-34) 
is the result, and is amplitude modulated** since the amplitude 


Eg/l + mg? cos? wgt contains the signal, and is also phase modu- 
lated, since the varying phase angle 


tan-1(m, cos Wgt) (6-35) 


13. Armstrong, Edwin H., "A Method of Reducing Disturbances in Radio Signal- 
ing by a System of Frequency Modulation," Proc. I.R.E., 24, No. 5, May 
(1936). Joffe, D.L., "Armstrong's Frequency Modulator," Proc. I.R.E., 
26, No. 4, April (1938). 

14, But the amplitude modulation is of a different type from (6-3) because 
of the square root and the square. 
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also contains the signal. For small values of mag, the arc tangent 
may be replaced by its argument mg cosS Wsgt, and by suitable lim- 
iter circuits the varying amplitude, which is almost E, times 
unity when mg is small, may be made constant. The eapn wave of 
(6-34) then becomes approximately the phase-modulated wave 


Cp = Eg cos (wot - mg cos Wet + 0). (6-36) 


It will be recalled from (6-2) that mg = kEg/E, where Eg and Eo 
are maximum values of the sine-wave signal and carrier respec- 
tively and k is a constant, and it will further be recalled from 
(6-10) that a frequency-modulated wave requires mp/wg in place 
of m, in (6-36). This can be attained by supplying to the modu- 
lator, not the signal voltage of magnitude E,, but a voltage 
proportional to Egfvs. The latter is obtained by sending a 
Sine-wave current ig, directly proportional to the signal volt- 
age €gs, through an R-C series circuit. The voltage across the 
capacitor C is directly proportional to Ig/wgC, and hence to 
E;/wg- Using this voltage instead of eg to modulate the carrier, 
frequency modulation results. But since the requirement that 
ma in (6-35) be small to obtain (6-36) limits the frequency vari- 
ation about wo to an undesirably small amount, it is customary 
to carry out the process outlined above at relatively low fre- 
quencies, and then use frequency multipliers to increase the fre- 
quency. Since such multipliers multiply the entire phase of a 
Sine wave, the frequency deviation is increased although its 
ratio to the carrier at any stage is the same as at any other. 
The essentials of the Armstrong system of frequency modu- 
lation are outlined in Fig. 9-5 of Chapter 9. The signal 
€g = Eg cos Wet to be transmitted is fed to the amplifier marked 
"Audio Amplifier," in the plate circuit of which is a series R-C 
circuit so proportioned that the magnitude of the sine-wave 
voltage across C is directly proportional to Eg/Wg- This volt- 
age is fed to the balanced modulator. A crystal-controlled os- 
cillator supplies a voltage of frequency of the order of magni- 
tude of 200 kc to the balanced modulator through the buffer am- 
plifier, which serves to isolate the oscillator from the rest of 
the circuit and thus avoid changes in oscillator frequency with 
changes in the other parts of the circuit. The balanced modu- 
lator, one form of which is illustrated in Fig. 6-12, balances 
out currents of carrier frequency in the plate circuit but passes 
the side frequencies, as explained below. By making the plate 
circuit non-reactive and using a transformer to supply the out- 
put, a 90° phase shift is introduced. The phase-shifted side 
bands are then added to the oscillator output in a combining am- 
plifier. Since the sum is of the form of (6-34), a frequency- 
modulated output leaves the combining amplifier. The need for 
frequency multipliers, shown following the combining amplifier, 
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has already been explained. The converter following will be 
discussed in Ch. 7. 

The balanced modulator shown in Fig. 6-12 is of interest. 
The oscillator supplies voltage of the same phase to each grid. 


Oscillator 
and Combining 


Buffer Amplifier 
Amplifier 


Input 
Signal 
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S 
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<3 
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Se 
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i * 
Non-reactive 
when tuned 


Fic. 6-12. Balanced modulator and 90° phase shift circuit for 
Armstrong system. 


The input signsel is supplied to the second grids of the tetrodes 
in push-pull fashion. Applying small-signal (square-law) analy- 
sis as given under amplitude modulation (Sec. 6-5), it can be 
seen that first order terms of carrier frequency drop out, where- 
as second order remain. Thus if the oscillator or carrier volt- 
age 18 €9 = Ep cos wot and the signal voltage eg = Eg CoS Wgts 
the output plate current, for non-reactive load, will be of the 
form a,e + a,e= + ..... where e = @, + keg (k = constant) for 

one tube and e = €>) - keg for the other. Hence the net currént 
in the plate circuit will be 


or 4a, kepoeg, Which contains just the two side-frequency terms, 
without any term of oscillator frequency. 


6-7, Modulation at High Frequencies,—~ Modulation at the 
higher frequencies is not greatly different from that at lower 
frequencies (less than 200 Mc). Transit time becomes important, 
but its adverse effects may in some cases be overcome by compound 
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modulation, that is, by applying the modulating voltage at sev- 
eral places in the circuit so that undesired effects are can- 
celled. For example, Lindenblad’> has reported obtaining ampli- 
tude modulation "substantially free from frequency variations" 
(which in A-M constitutes a distortion) by modulating in phase, 
and in experimentally determined relative magnitudes, both the 
grid and the plate of a positive-grid oscillator (Ch. LO) eal tye 
creasing the positive grid potential increases the electron ve- 
locity, and a simultaneous decrease of plate potential (already 
negative) increases the length of path, leaving the frequency 
of oscillation of the electron about the grid constant. Thus the 
amplitude of the output may be varied while the frequency re- 
mains fixed, yielding an amplitude-modulated wave. Without the 
compound modulation, F-M would be introduced in addition to A-M. 

It is possible to modulate at relatively low frequencies 
and by the use of frequency multipliers to step up the frequency. 
This scheme has already been illustrated in the Armstrong system 
of F-M, where however, it is used to keep (6-35) small rather 
than because of the size of the channel or transmitting frequency 
range. 

High-frequency devices such as velocity-modulated oscil- 
lators, discussed in Ch. 10, may be modulated directly.?® Equa- 
tion (10-23) of Ch. 10 shows that the frequency of a klystron 
varies with applied voltage in relatively simple fashion, so that 
F-M is not difficult to obtain. But the very fact that the fre- 
quency of the klystron responds so readily to applied voltage 
makes A-M difficult to obtain, since F-M is quite likely to be 
present and thus distort the A-M,. 


15. Lindenblad, N.E., "Development of Transmitters for Frequencies above 300 
Megacycles," Proc. I.R.E., 23, No. 9, Sept. (1935). Compound modulation 
may be useful at lower frequencies--see C-Y Meng, "Linear Plate Modula- 
tion of Triode Radio-Frequency Amplifiers," Proc. I.R.E., 28, No. 12, 
Dec. (1940). 

16. Note the double use of the word modulated in this sentence. "Velocity- 
modulated" refers to change in the velocity of electrons in a previously 
uniformly moving stream, and is used in an oscillator, for example, in 
which no modulation of the type discussed in this chapter is desired. 


Chapter 7 
DEMODULATION (DETECTION) 


Demodulation, or detection as it is usually called, is 
the recovery from the modulated wave of the original signal that 
modulated the carrier at the transmitter. In most cases a rep- 
lica of the original modulating signal is desired, and the devi- 
ation from the original form in the demodulated wave constitutes 
distortion. In other cases an indication, but not necessarily a 
replica, of the original signal is wanted; and.in still other 
cases detection consists of eliminating the original carrier 
from the modulated signal that arrives at the receiver, and sub- 
stituting therefore a new carrier suited to certain circuits of 
the receiver. It is customary to consider the last case as de- 
tection, although it may also be looked on as modulation. 

The following types of detection are prominent: 


Small-signal or square-law detection 
Large-signal or linear detection* 
(a) "average" detection 
(b) envelope detection 
Automatic volume control 
Mixers and converters 
Detection of frequency-modulated waves. 


These items will be considered seriatim. 


7-1. Small-Signal, or Square-Law, Detection.- By small- 
Signal or square-law detection is meant detection characterized 
by (1) small input signal, so that in any cycle of the modulated 
input, currents and voltages vary over relatively small ranges 
of the characteristics, and (2) a curved characteristic relating 
the output current i in any electrode to the input modulated 
voltage e introduced into any electrode circuit. Under these 
circumstances 


of = a ,€ “+ ane” = eeoeee8e (74 


where the a's are constants, depending on the circuit parameters 
and the parameters of the tube at the operating point. 
Now let e be an amplitude-modulated wave 


e = Eg (1 + ma cos West) cos (Wot + @) 


1. Not all large-signal detection is necessarily linear detection, particu- 
larly in measurements. See footnote 10. 
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BS 
= Ea cos (Ogt + Q ) is 5 MaEa cos [(wg + Wg)t a 6] 
1 
+ 5 MgEg cos [(Wo- Wg)t + 6] (725 
Then = 
Boee mee. cos wt ti, Ea cos 2 wat (725) 


+ terms of twice carrier and twice side-band frequencies 


+ d-c terms. 


thus i (7-1) will have terms of angular frequency Wg, Wg, as 
well as others of frequencies lying in the carrier range and 
higher. Thus by appropriate filtering in the circuit in which 
the current, i, flows, the original signal (W ,) can be obtained, 
but distortion is also present (2w,) and other terms of the se- 
ries of (7-1) may introduce further distortion terms. The other 
terms in the series depend on still higher powers of e, and 
their effect may be minimized by keeping e small. Hence the name 
small-signal detection. Since the desired result proceeds from 
the e2 term in (7-1), the alternative name square-law detection 
is also appropriate. The reader will find it instructive to de- 
termine the response in the frequency region of the original sig- 
nal when e is an amplitude-modulated wave containing two (or 
more) original signal frequencies.* 

The coefficient as in (7-1) is important, in that the 
desired result is directly proportional to it. By properly con- 
trolling the circuits of the detector and adjacent stages, it 
may be made relatively large, thus producing a gain over the 
result obtained for smaller values of az. The evaluation for 
numerous special cases of as, or its equivalent, will be found 
in the literature. 

In the above discussion, i and e have been specified as 
the current in a particular electrode and the voltage introduced 
in the same or some other electrode. In a practical detector, a 
wide variety of different connections are in use. For example, 
a connection that makes use of the I,y - Ep characteristic would 
mean that e is introduced in, and i flows in, the plate circuit. 
Some of these possible arrangements for small-signal detection 
are given below: 

1. Diode: I}, - Ey, characteristic; total plate voltage 
& always greater than zero. 


2. Since the desired term of (7-3) can be obtained from (7-2) only when the 
carrier wave as well as the side-frequency terms are present, transmission 
of only side-frequency terms requires that the carrier be re-supplied at 
the receiver. However, carrier and one side-frequency term are sufficient 
to produce an Wg, term in e, so that it is not necessary to transmit both 
side-frequency terms. 
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2. Triode, or multielectrode tube in which all electrodes 
except one grid and the plate are unaffected by the input e: 

(a) Ip - Ep characteristic (grid always negative). 

(b) Ip - Ec characteristic (grid always negative; oft- 
en called plate detection although this is a mis-— 
nomer$), 

(c) Ig - Eg characteristic (grid always positive; dy- 
namic Ih - Ee characteristic straight; this is 
commonly called grid detection*). 

The case of 2(c), grid detection, can be used as an ex- 
ample. The coefficient as will be different for each term of 
different frequency in the sum of sine waves to which e® can be 
reduced. By carrying out the analysis of the circuit, it can be 
Shown that the magnitude of a, for the term cos wgt is> given by 


: 2 
Dulengn Galeechtg tetas lal Peneceell (7-4) 


where D is a quantity known as the detector voltage constant 
which depends on the curvature of the I, - E, characteristic (and 
is infinite if this characteristic is a straight line), 2 is tne 
magnitude of the impedance in the grid circuit, Zr, is the magni- 
tude of the impedance in the plate circuit, rg = 8e,/8i, (similar 
to rp = be /Oip), and subscripts s and c indicate that the imped. 
ance is to be evaluated either at the angular frequency of the 
original modtlating signal wg, or at the angular frequency W, of 
the carrier. 

To make (7-4) large, p and Zs should be large, Zc, Zts; 
and D should be small. So far as the impedances are concerned, 
this result is achieved in the circuit of Fig. 7-1. The: Ree Cr 
combination in the external grid circuit makes Z high for Wg 
but low forW); and the capacitor Cy helps to make Zy1, high at 
Ws, and by-passes the currents of carrier and higher frequencies, 
but has high impedance to lower frequency components, so that the 
desired current components of the frequency of the original mod- 
ulating signal pass through the coil. 

It is not possible here to go into other circuits for 
small-signal (square-law) detectors, but it will be appreciated 


3. Also called "anode-bend" detection, which may be bottom-bend (triodes) or 
bottom-bend or top-bend (pentodes); the "bend" refers to the curvature of 
the characteristic which may be near top or near bottom. 

4, The detected current actually appears in the grid circuit, but is usually 
extracted in the plate circuit. This leads to an analogy in which the 
cathode and grid are considered a diode, and the plate is the equivalent 
of a triode to the grid of which the signal from the equivalent diode is 
fed. 

5. Cited from McIlwain and Brainerd, "High Frequency Alternating Currents," 
p. 229; texts such as those of Reich, Terman, Everitt, Eastman, Glasgow, 
etc., contain discussions. 


DEMODULATION, (DETECTION) (8D 


that the basis for the successful operation of such detectors 
comprises the following points: (1) a curved characteristic 
having an s term, (2) a small Signal to keep down distortion, 
and (3) an adequate circuit analysis to permit design for maxi- 
mum gain and minimum distortion. 


Modulated 


Detector 
Output 
Input 


lilt 


Fic. 7-1. Circuit for Grid Detection. 


7-2. Large Signal, or Linear, Detection.- As implied by 
the name, large-signal detection occurs when the modulated input 
to the detector is large. This type is the converse of the 
small-signal detector of the previous section, and the name 
arises from the fact that the magnitude of the modulated wave® 
input must be large if distortion is to be kept small. On first 
consideration, this statement may seem to contradict those of 
the previous section, but actually it does not because of the 
different conditions under which large-signal detection takes 
place. The large magnitude of the signal permits such a great 
portion of a characteristic to be used that the response is sub- 
stantially linear, even though part of the characteristic is 
curved. If the tube is biased at cutoff, or otherwise made non- 


conducting for at least half of each cycle of the input-modulated. 


wave, the original modulated signal is detected as will be dis- 
cussed below. 

Average Detection. Although not so common or so effi- 
cient as envelope detection, average detection will be considered 
Pree because of its simplicity. “If.a tube--frequently a diode-- 
is biased at cutoff, and a pure resistance load or its equivalent 
connected in the plate circuit, then the tube will act as a 


6. Ten volts (peak value) is sometimes considered a minimum in commercial 
broadcast receiver design; it is convenient to consider that two volts 
is the boundary between a small signal and a large signal. 
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(a) Diode detector “average’’ 
type. 


(b) Left —diode characteristic 
considered ideal for many pur- 
poses. Right —an actual static 
diode plate characteristic. 


(c) Carrier alone. 


(d) Form of current in diode cir- 
cuit when carrier alone is applied 
(ideal case; left characteristic of 
(b) above). 


(e) Form of average component 
of current in (d). 


(f) Amplitude-modulated wave. 


(g) Form of current in diode cir- 
cuit when amplitude-modulated 
wave is applied. 


(h) Form of average component 


_of current in (g). 


Fic. 7-2. “Average’’ large-signal detection. 
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rectifier “and only the half of a cycle "of one polarity" will 
cause a current to flow. Hence, if an unmodulated carrier is 
impressed (Fig. 7-2) on a diode, a current will pass through Ry, 
that has an average® value proportional to E,/n where E, is the 
maximum value of each half-cycle of the carrier wave® Thus the 
eurrent in the plate circuit is composed of a direct current 
(the average value) plus components of carrier frequency. 

If now an amplitude-modulated wave is impressed on the 
tube (Fig. 7-2f) and if the carrier is of a much higher frequency 
than that of the original signal, the average value of the cur- 
rent over any short period of time will be proportional to E,,/t 
Where Ey is the peak value of the half-cycles in the shorter 
period. Em now varies as E,g(1 + Macos wW,t), and hence there is 
& component of current that also varies in this manner; that is, 
there 1s a component reproducing the original modulating signal, 
and by appropriate circuits it may be separated from the other 
components. 

The above reasoning is based on the assumptions that the 
diode or other device has a constant, finite resistance to volt- 
ages of "one polarity" and an infinite resistance to voltages of 
opposite "polarity." Thus the ideal characteristic from this 
point of view is that shown in the left of Fig. 7-2b. Diodes 
are often used because they closely approximate a linear charac- 
teristic when the impressed voltage has a sufficiently large mag- 
nitude to make the (inevitable) curvature near cutoff small in 
comparison with the substantially straight part of the charac- 
teristic over which the voltage varies.?° 


7. The distinction between diode rectifiers and diode detectors is not al- 
ways sharp. In this text "diode detector" and "diode rectifier" are terms 
based on use of the diode. Some persons refer to diode detection as rec- 
tification. See for example H.A. Wheeler, Design Formas for Diode De- 
tectors, Proc. I.R.E,, 26, No. 6, June (1938). 

8. The result is worked out in Ch. 1, section on Fourier series. 

9. On & voltage basis, the maximum efficiency (ratio of useful voltage across 
load to input peak voltage) is 1/n for a single diode under ideal condi- 
tions for average detection. 

10. It is well to bear in mind that although most detection problems have for 
an objective the obtaining of a replica of the original modulating signal, 
or, if there has been distortion preceding the detector, at least a rep- 
lica of the signal contained in the modulated wave, nevertheless numerous 
problems arise, particularly in measurements, where a replica is not es- 
sential so long as a calibration curve or other equivalent characteristic 
of the detector is known, 

It is also desirable to keep before one the fact that a "crystal" with 
Which a wire or plece of metal is in contact may have a characteristic quite 
similar to that of a diode, and hence may under some circumstances be used 
in place of a diode. At ultra-high frequencies this is particularly true, 
and crystals detectors have found a new and extensive field of application 
in this region. 
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(b) Amplitude-modulated wave with 
envelope outlined; see next entry (c). 


(c) Envelope of the amplitude mod- 
ulated wave; this is the desired sig- 
nal, modified by distortion and noise 
introduced in transmitter, in transmis- 
sion, and in receiver up to detector. 


(d) Illustration of the charging and 
discharging of the capacitor C of Fig. 
7-4 (a). 


(e) Instantaneous variation of voltage 
across the capacitor C, showing desired 
signal (see (c) above) plus carrier-fre- 
quency pulses which must be filtered 
out. 


(f) Portions of carrier wave during 
which current fiows; illustrates high 
efficiency obtainable by this method of 
detection (on power basis, small cur- 
rents for short times; on voltage basis 
maximum detected signal voltage can 
be made to approximate peak input 
voltage). 


(g) Illustration of introduction of dis- 
tortion by incorrect R-C circuit design. 
The light curve shows the signal (as in 
(ec) above); the voltage across the ca- . 
pacitor does not follow the envelope 
(desired signal) at D because it does 
not fall rapidly enough to respond to 
the peaks of the input wave (b). 


Fic. 7-3. Envelope Detection. 
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Envelope Detection. In envelope detection, more custom- 
ary than average detection because of the greater efficiency ob- 
tainable, a diode or other tube is unbiased or is biased at cut- 
off. The output however is not an average of half-cycle waves, 
but a voltage which, to a very close approximation, varies as the 
envelope of the amplitude-modulated wave because of the presence 
of an R-C circuit in the plate circuit (Fig. 7-4a). 

The operation is of this nature: each half-cycle "of 
positive polarity" of the amplitude-modulated wave (Fig. T=) 
applied in the tube circuit will cause current to flow provided 
the plate remains positive. But as soon as a condition closely 
corresponding in detection to the ordinary steady state of lin- 
ear circuits has been reached, the capacitor C remains charged 
(hence has a voltage across it) at the end of a cycle. Thus the 
input voltage must first balance this capacitor voltage before 
the plate again becomes positive with respect to the cathode. 
Consequently, with proper values of R and C, plate current flows 
only during the positive peaks of the applied voltage. When no 
current flows the capacitor discharges, and when current flows 
the capacitor is charged. In order to produce a voltage closely 
resembling the envelope of the applied amplitude-modulated sig- 
nal, the drop during any cycle of the voltage across the con- 
denser must be sufficient so that it may be raised again on the 
next following cycle. When this condition does not obtain, dis- 
tortion is introduced. Figure 7-3 illustrates the steps in en- 
velope detection and Fig. 7-4 shows several circuits. It is es- 
sential, if the graphical analysis of Fig. 7-3 is to hold without 
modification, that the effective R-C circuit of the diode not be 
Shunted to any great extent. This restriction, and the need for 
large input voltage (the reader can show from Fig. ¢-3 that this 
is essential), are the primary design limitations on diode de- 
tectors. 

Figure 7-2 shows a number of diode detector circuits, 
which serve also to illustrate the use of multi-purpose tubes. 

Rectification and Transrectification Characteristics. A 
large amount of information concerning the operation of a detec- 
tor can be gained from curves known as the rectification and 
transrectification characteristics. According to I.R.E. stand- 
ards,’ta rectification characteristic is one in which "the av- 
erage currents in an electrode circuit, as read by a d-c instru- 
ment, are plotted as ordinates against values of the direct volt- 
age ... on the electrode as abscissas, for various values of E 
as a parameter; i.e., E is held constant for each graph." In 
this statement, E refers to either the rms or the peak value of 
& sine wave alternating voltage input, which may be pictured as 


11. Standards on Electronics, 1938, p. 47, I.R.E. 
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(a) Simplest diode detector circuit. 


Modulated 
Input 


Cathode for both diode , nae 
and triode (b) Diode detector circuit of (a) 


and amplifier stage, using one 
tube (diode-triode, or duplex-di- 
ode-triode with plates of diodes 
connected together; one filament 
only); sometimes called diode- 
biased circuit because of ap- 
proximately constant bias on grid 
of triode part when carrier only 
is input. Unless carrier is same 
value for different inputs, bias 
will vary. 


Plate of diode 


Toinput of 
next amplifier 


Modulated 
Input 


(c) Circuit of (a) with Ri and C; 
added to reduce r-f in output; A, 
must be < R (RF; of the order of 
0.1R); C,; can be of same order of 
magnitude as C. 


3 

~ 
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© Output oO 


(d) Diode detector circuit of (a) 
and amplifier stage using one tube, 
as in (b); bias on grid of triode 
obtained by varying potential of 
cathode by drop through Rz, hence 
sometimes called cathode-biased 
circuit. C, shunts a-f currents; C, 
keeps bias from grid of triode; C; 
by-passes r-f currents which 
might reach grid. The basic R-C 
circuit must not be shunted ap- 
preciably. 


Input 


Modulated 


(e) Diode deteetor circuit of (a). 
used with pentode amplifier (diode 
pentode or duplex-diode pentode 
tube); fixed biases. C, keeps C 
bias from cathode, C, and Cs; pass 
r-f or i-f components from screen 
and output circuits to cathode. 


Modulated 
Input 
Amplifier 
Output 


C— Screen B+ 
Supply 


Fic. 7-4. Examples of Diode Detector Circuits. 
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the carrier although low-frequency a-c may be used when inter- 
electrode effects and the like are not important. 

A transrectification characteristic is a curve showing 
the relationship between "the average current in the circuit of 
an electrode, the direct voltage on that electrode, and the am- 
plitude (or rms value) of an alternating voltage impressed on 


another electrode." 
A diode has only a rectification characteristic. An ex- 


ample of one is shown in Fig. 7-5. If there is a d-c load in 


Carrier 
E 


20 rms. — 28.3 peak 


10 rms. =14.1 peak 
8 
5 rms.=7.1 peak 
Ma 


500. 


E =30 rms, = 42,4 peak volts 
= 21.2 peak 


L NN 
f mean 


Fig. 7-5 Rectification characteristic of 6 H 6 diode, 
with load lines (K =1000 ohms, 

Each of the vertical curves has both the constant 
rms and the corresponding constant peak voltage 


of the carrier indicated 
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the circuit, i.e., a resistance Ry or its equivalent (Fig. 7-2a) 
the flow of d-c. through this resistance will cause a drop in 
the plate potential. Thus, if Ry = 0.1 megohm and the rectifi- 
cation diagram indicates a d-c. of 200-va, a -20 volt potential 
would appear on the plate. For a fixed resistance Ry, a load 
line can be drawn, as in the case of the simpler tube charac- 
teristics discussed in Ch. 2. The line LO of Fig. 7-5 is a load 
line for Ry; = 0.25 megohm; for any value of d-c plate current 
it shows the corresponding steady potential applied to the plate. 
(The line makes an angle cot™1 R, with the negative abscissa 
axis.) 

As an example, consider an impressed amplitude-modulated 
wave of 10 volts rms carrier 100 per cent modulated, with 0.25 
megohm total resistance. For carrier alone, 52-ya d-c. would 
flow in the plate circuit and the operating point would be at P. 
For the modulated wave the operating point may be considered to 
move at the frequency of the original modulating signal along LO. 
The path would extend from O to the intersection of LO with the 
line for E = 20 rms volt. By plotting corresponding values of 
current against time, the slowly varying part of the output can 
be determined. Note that although LO is a straight line, the 
distance between the curves for various E's is not proportional 
to the E's, hence some distortion is introduced. Higher carrier 
voltage reduces the distortion. 

In average detection with a pure resistance load, the 
detected output can be de- 
termined in advance. For 
envelope detection, a load 
line taking into account 
the a-c load (i.e., the re- 
sistance of the load) can 
be drawn. Without going 
into details concerning the 
procedure, it is sufficient 
to say that such loading 
may result in a load line 
such as MN (Fig. 7-5), from 
which it is seen that a 
sweep of 10 volts along MN 

0 Per cent modulation 100 from the operating point P 


Fic. 7-6. Variation of distortion with per cent carries the current to cut- 
modulation: lower curve is for R-C circuit off in the region NO, in-. 
alone; upper curve for R-C circuit shunted troducing severe distortion. 
by another circuit. (See Smith, Radiatron Figure 7-6 shows the char- — 
Designer’ Handbook, p. 161,). acter of the variation of — 

distortion with the per cent 

modulation for two different 


Per cent distortion 
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values.of load in a diode detector, 


7-3. Automatic Volume Control (AVC).- The purpose of 
automatic volume’~ control (avec) is so to control a receiver 
that received modulated signals of far different carrier 
strengths will give outputs of about the same magnitude rather 
than of tremendously different magnitudes. AVC is closely allied 
with detection and for that reason is treated at this point. 

There are two common types of avc, namely: simple, and 
delayed. Delayed avec does not mean a time delay, but a "delay" 
of the automatic gain control action until a certain minimum 
carrier voltage is obtained, thus permitting weak signals to be 
reproduced with the full gain of the receiver. An ave system 
ordinarily operates from a voltage proportional to the carrier 
and uses this voltage to bias one or more preceding stages. The 
bias changes to reduce the gain when the carrier strength in- 
creases, and vice versa. 

Simple AVC. A bias voltage for simple avec can be ob- 
tained from a diode detector, as shown in Fig. 7-7a. The R-C 
circuit of the detector retains the same form with, as without, 
the avc. The series R,-C, circuit is Shunted across it. Re- 
calling that the positive direction of current flow is opposite 
to that of electron flow, point k will be at a lower potential 
than g (ground). The same voltage appears across R,-C, as across 
R, and its form is approximately that of the envelope of the 
modulated input, but raised above the axis. In a properly de- 
Signed detector, the actual voltage is at all times well above 
the axis. (See Fig. 7-3.) If C, is made such that the voltage 
across it cannot respond to changes in the envelope, but does 
respond substantially to the average of the voltage across R 
over any time long in comparison with the average period of the 
envelope curve; then the voltage across C, will be substantially 
proportional to the carrier of the modulated input, or to the 
equivalent in the case of disturbances of appreciable extent, 
and the point h will be at a potential negative with respect to 
the ground g. Thus the voltage across C, can be used to bias 
negatively any preceding stages, whether r-f, i-f (see Sec. 7-4), 
or other frequency. The magnitude of the bias will be closely 
proportional to the carrier strength. The choice of the magni- 
tude of C, should be such that the time constant of R,C,1is so 
large that the charge on Ci (hence also the voltage across it) 
cannot change greatly in any "cycie” of the detected voltage. 

Delayed AVC. If it is desired to have the automatic 
volume control operate only after the carrier strength reaches 


12. Not to be confused with a manual volume control, which may be obtained 
by making variable by hand or mechanically the connection from R marked 
"Detector output" in Fig. 7-7. 
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(a) Illustration of simple ave using 
diode detector. 


] Modulated input | 


(b) Illustration of delayed ave (a 
twin diode with two plates and sepa- 
rate filaments in one envelope would 
usually be used). 


| Modulated input I 


(c) Diode pentode detector, simple 
ave, amplifier circuit (In case of du- 
plex-diode pentode, the two diode 
plates are connected together.) 

A diode triode circuit is substan- 
tially similar. 


~~ 
3 
a, 
S 
— 
3 
= 
3 
As) 
} 
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(d) Detector, delayed ave, amplifier 
circuit using duplex-diode pentode, 
(duplex-diode triode circuit is sub- 
stantially similar—see next figure.) 


| Modulated input ] 


(d) Detector, delayed ave, amplifier 
circuit using a duplex-diode triode; 
see (d) above. ! 


1 Modulated input | 


> 
< 
re) 


Fic. 7-7. Some Examples of Automatic Volume Control. 
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@ specified minimum (so that the reception of weak Signals will 
not be affected by the ave system) a scheme such as that shown 
in Fig. 7-7b may be used. Diode T, and the R-C circuit comprise 
the detector; the series circuit R,-C, supplies the avec voltage 
(across Ci) as in simple avec. However, a direct current from 
the battery flows in diode Ts until the steady drop through R 
and R (and through Ts, which is considered negligible) balances 
the voltage from the battery. At this point, a nearly steady 
voltage first appears across C, and may be used for the negative 
ave bias for preceding stages. 

Figure 7-7 contains several ave circuits, which may be 
analyzed by the student to understand the principle of the avec 
operation in each case. Figure 8-4 of Ch. 8 shows a broadcast 
receiver with avc. 


7-4. Mixers and Converters.~ The use of the terms "mixer 
and "converter" is not clean-cut. They are sometimes used inter- 
changeably, sometimes together (as "a converter mixer"), and 
sometimes to designate distinctly different devices. Following 
the last usage the term "mixer" will be limited to a tube and 
associated circuits that combine a modulated input wave with a 
wave from a separate local oscillator effectively to change the 
carrier of the original modulating signal from that of the input 
wave to that of the local oscillator. This process is frequent- 
ly referred to as detection, although the distinction between 
detection and modulation is not as clear here as in other cases. 

The term "converter" will be used to denote a tube and 
associated circuits in which the local oscillator and the "de- 
tector" or mixer tubes are combined in a single envelope. 

The need for the combination of a local oscillator and a 
mixer, i.e., a converter, arises primarily in superheterodyne 
receivers, and since the superheterodyne nrinciple is used in 
most receivers, it is desirable to consider the reasons for util- 
izing it. 

In a superheterodyne receiver the incoming modulated wave, 
whatever its carrier frequency, is combined (often after one or 
more stages of amplification) with the wave from an oscillator 
of such frequency that the useful resultant wave always has a 
given frequency (intermediate frequency or i-f.) within rela- 
tively narrow limits. This permits the use of fixed tuned cir- 
cuits in the following (i-f) amplifier, and this system can be 
made to yield improved selectivity, sensitivity and fidelity. 

Evidently if the receiver is to respond to incoming sig- 
nals which may be locatéd anywhere in a relatively broad band 
of frequencies (for example, to recieve any station in the com- 
mercial broadcast band), the local oscillator will have to be 


13. In circuit diagrams and in some literature the mixer or converter is 
often called the first detector. 
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variable in frequency, so that the difference’* between the lo- 
cal oscillator frequency and the carrier frequency of the se- 
lected incoming wave is equal to the fixed intermediate frequen- 
cy. (In the receivers for commercial broadcasting, the i-f.is 
usually in the neighborhood of 460 ke; in receivers for other 
bands the i-f. may, and probably will, be different; sometimes 
several i-f stages, each with a different i-f frequency, are 
used in one receiver.) The maintaining of the local oscillator 
at the proper frequency leads to the problem of frequency con- 
trol, closely allied to the use of reactance tubes in frequency 
modulation (Ch. 6). The appropriate changing of frequency of 
the local oscillator’> as the carrier frequency of the incoming 
signal is changed creates rather difficult problems of "tracking 
From the preceding discussion of modulation (Ch. 6) and 
detection (this chapter) it will be realized that in either the 
mixer or the converter the plate current will contain many com- 
ponents, some of which will have frequencies that are the sum 
and the difference of the frequencies of the various sine waves 
introduced. In the case of an amplitude-modulated wave (eq../ 7224 
and a@ wave from a local oscillator, there will be terms of fre- 
quencies Wi, Wi, + Ws, and Wy - Ws where W; is the i-f. and w, 
the angular frequency of the original modulating signal. Al- 
though components of many other frequencies are present, appro- 
priate tuning of the output circuit may eliminate them. Hence 
the original signal of angular frequency W, may be made to appea 
on a carrier of frequency wi. Since wi; is the same whatever the 
original carrier may be, circuits immediately following the mixe 


14, Often, but not necessarily, the oscillator frequency is greater than that 
of the carrier, and difference frequencies are used. In the broadcast 
band, 550 to 1600 kc, with i-f. about 460 kc, it is desirable to have the 
oscillator of higher frequency than the carrier because the range of the 
oscillator (1010 to 2060 kc) is a much smaller fraction of the lowest 
frequency (1010 ke) than would be the case if the sum frequencies were 
used. 

For other than broadcast receivers, intermediate frequencies run from 
one to 100 Mc using standard tubes, and from 100 to 500 Mc using special 
tubes, and of course may be higher if need arises. When the first i-f. 
is relatively high, numerous i-f stages may be used, the i-f.'s decreas- 
ing from one to the next. 

15. Local oscillators in general should have very little noise or other modu 
lation in their output, and should have a high degree of frequency stabi 
ity. At u-h-f. the oscillators discussed in Ch. 10 may be used, as well 
as some not mentioned there because they are not commercially available. 
Klystrons and other velocity-modulated tubes are reasonably rugged and 
have relatively large output as local oscillators 

Signal-to-noise ratio is extremely important in local oscillators, be 
cause there is little chance of circumventing noise originating there. 
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or converter need be designed only to handle wy plus or minus the 
maximum Wg to be transmitted. 

Figure 7-8 shows some tubes and circuits suitable for use 
as converters and mixers. Each arrangement has some advantages 
and some disadvantages, most of which are concerned with noise, 
isolation of various circuits, conversion transconductance, etc. 

Conversion transconductance, gc, is a quantity similar 
to the usual mutual conductance, gy, of a triode, or to the con- 
trol-grid to plate transconductance of a multielectrode tube; it 
is the ratio of an increment of current in the i-f transformer 
primary to the corresponding increment in the r-f carrier volt- 
age which produced it. An indication of order of magnitude of 
conversion transconductance and the variation of this quantity 
with current flowing in the oscillator grid of a converter is 
given in Fig. 7-9. The fact that g. is not constant but defi- 
nitely varies with grid current is of importance. 


7-5, Detection of Frequency-Modulated Waves: the Dis- 
criminator.- It was shown in Ch. 6 that an F-M wave can be con- 
Sidered as the sum of carrier frequency and numerous side- 
frequency components. Assuming a superheterodyne receiver, the 


Conversion Transconductance 
micromhos 


0 Oscillator grid current (ma) 


Fic. 7-9. Conversion transconductance, under normal 
operating conditions, for two pentagrid converters, 
A= 250 for the 1 A 7, 500 for the 6 A 8; 

B=0.1 ma for the 1 A7, 1 ma forthe6A 8. 
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F-M wave can be received on the antenna, amplified in any r-f 
amplifier stages present, passed through the first detector (con- 
verter or mixer), and then through the i-f amplifier, which must 
have an appropriately wide pass band. It will then appear as an 
F-M wave with the i-f. for carrier at the output terminals of 

the i-f stage. Figure 8-6 of Ch. 8 gives a block diagram. The 
next process is "limiting," that is, removing all amplitude mod- 
ulation present. This is one of the most essential processes in 


Limiter Output 


i=) 


10 100 1000 10,000 
Antenna Voltage 
(microvolts ) 

Fic. 7-10. Relative limiter output vs antenna 
peak voltage The curve illustrates the 
desirability of having a sufficiently large input 
signal (greater,than 100 “” in the case shown) 

to have the limiter function propertly, (From 
Everitt, Elec. Eng., 59, No. 11,613, Nov. 1940.) 


F-M receivers, and accounts for much of the superiority of an 
F-M system over an A-M system when such superiority exists. Fig- 
ure 6-8c shows an F-M wave with A-M, the latter presumably being 
distortion, noise, etc., picked up anywhere between the original 
modulation at the transmitter and the output terminals of the 
last i-f stage of the receiver. The limiter (usually a pentode 
that clips off the peaks; the plate characteristic of a pentode 
is nearly straight from the origin to the top section, which is 
almost flat) changes the curve of Fig. 6-8c to that of Fig. 6-9. 
Thus virtually all spurious signals that have caused amplitude 
modulation (some will cause frequency modulation) are eliminated. 
The fact that the curve of Fig. 6-9 has flat peaks and is not 

the same curve as would result from a straight frequency-modulated 
Sine wave is not of great importance. 

The next step in the detection of an F-M wave is to pass 
the wave through a circuit that will change the limited wave of 
Fig. 6-9 to one having both A-M and F-M, but with the A-M repre- 
senting the same signal as the F-M. This change can be 
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accomplished by impressing the limited F-M wave of Fig. 6-9 ona 
slightly off-tuned parallel resonant circuit. Roughly, the read- 
er can see this action by picturing the response of such a cir- 
cuit as the frequency varies back and forth during its modula- 
tion period. 

The combined amplitude- and frequency-modulated wave is 
then supplied to a detector which responds to the envelope of the 
wave and ignores for practical purposes the frequency modulation 
that remains in the wave. To reduce distortion in the resultant 
demodulated wave, a balanced detector is usually used. The com- 
bination of tuned circuit and detector is called a discriminator. 
Figure 8-6 gives a detail of a limiter and discriminator circuit. 

The determination of the response of simple circuits to 
F-M waves is not simple, and it does not appear advisable to go 
into the subject in greater detail here. For an introduction 
to the theory in general form, reference may be made to the two 
papers listed in the footnote.?® 


7-6. Detection at U-H-F.- Detection at u-h-f. is the 
same in principle as at that lower frequencies. Two differences 
may be noted: (1) the band-width to be handled is often quite 
large, which tends to decrease detector efficiency; and (2) crys- 
tal detectors are used far more extensively at u-h-f. than at 
the lower frequencies. 

The term "crystal detector" refers not to a quartz or 
other similar crystal exhibiting a piezoelectric effect (such as 
are used for frequency control, etc.), but to a combination of a 
crystalline material such as silicon and a fine point contact of 
metal such as tungsten that possesses a non-linear current- 
voltage characteristic. A current-voltage curve for a crystal 
detector of the type here described is somewhat similar to the 
diode characteristic shown in Fig. 7-3b. Consequently a crystal 
detector may often be used in place of a diode in modulation, 
detection, rectification, and in other functions. 

Crystal detectors have definite limitations, and they do 
not by any means displace the special diodes available for u-h-f 
use. As ordinarily employed, with a fine wire or "cat whisker" 
in contact with a conducting or semi-conducting crystal, the 
power that can be handled is very small, temperature changes may 
affect the crystal, and the resistance to current flow in "the 
back direction" is frequently not very large. Capacitances 


16. Carson, John R., and Fry, Thornton C., Variable Frequency Electric Cir- 
cuit Theory with Application to the Theory of Frequency Modulation, Bell 
Sys. Tech. Jour., 16,No. 4, 513, Oct.(1937). 

Roder, Hans, Effects of Tuned Circuits ‘upon a Frequency Modulated Sig- 
nal, Proc. I.R.E., 25, No. 12, Dec. (1937). 
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between parts of the crystal holder have Shunting effects, but 
the crystal impedance is usually not greater than several thou- 
Sand ohms. On the other hand, a crystal is an easily manipulat- 
ed device, not difficult to make, and it can be manufactured in 
large quantity at relatively low cost. Crystals used as mixers 
appear on the whole to have the highest Signal-to-noise ratio 
that can be obtained in some frequency regions, and they are 
often used for this purpose at frequencies above 300 Mc. 

Figure 7-11 shows the form of typical crystal character- 
istics, and Fig. 7-12 gives curves of backward and forward re- 
Sistance of a copper copper-oxide rectifier which is Similar to 


Current 


Voltage 


Fic.7-11 General form of crystal characteristics. Curve A is 
roughly linear to the right of the origin O, B approximates 
a square law in this region, C isthe typeof curve obtained 
for contact at a point on the crystal which exhibits no 
directional properties. 


the crystals discussed here, except that the contact between 
crystal and "whisker" is not small, as it is in a detector com- 
prising a fine tungsten wire touching a silicon crystal, but is 
relatively large because of the fact that the copper oxide is 
formed on the copper over a relatively large surface. (The 
reader may consider copper the "crystal" and copper oxide the 
equivalent of the "whisker" multiplied many times.) Copper 
copper-oxide rectifiers are used extensively at the lower fre- 
quencies as modulators and rectifiers. For the crystals used 
at u-h-f., the ordinates of the ratio curve will be much smaller 
than indicated in Fig. 7-l2c. 
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Fic. 7-12. Copper copper - oxide rectifier curves; (a) resistance vs applied 
voltage The voltage is considered positive when relatively large 
currents flow; (6) is an enlargement of the curve of (a) ;(c) gives the 
ratio of current in one direction to current in the opposite fora given 
voltage (From Grondahl, Rev. of Mod. Phys.,- V 5-141, April 1983,). 


Chapter 8 


RADIO RECEIVERS 


A radio receiver is such a common device that it needs 
no definition regarding its function in radio communications. 
There are, however, several important considerations that must 
be recognized in the design of a good radio receiver. A high- 
Quality radio receiver will faithfully reproduce the intelli- 
gence, speech, music, or other signal that was originally im- 
pressed on the modulated wave at the transmitter. The reproduc- 
tion of the intelligence or signal should not be accompanied by 
excessive noise, interference from unwanted radio transmissions, 
or distortion. An ideal system for radio transmission and re- 
ception would also be completely free from disturbances from at- 
mospherics but, practically, a certain amount of response to 
these disturbances must be expected because this is inherent in 
any system. 


8-1. Types of Noise.- Radio receivers generate a cer. 
tain amount of noise disturbance that does not appear in the 
Signal picked up by the antenna. The effect of these noise 
voltages depend not upon their absolute magnitude but upon the 
ratio of the output power from the Signal to the output power 
from the noise. In an absolute Sense, noise disturbances in a 
radio receiver increase as the amplification of the receiver is 
increased. Weak signal voltages require high amplification in 
the receiver. Consequently, the problem of reducing unwanted 
noise disturbances increases in difficulty with increase in the 
Sensitivity of receiver. The Sensitivity of a radio receiver is 
that characteristic which determines the minimum strength of 
Signal input capable of causing a desired value of Signal out- 
put. There are four types of disturbances~ in a radio receiver 
that are classed as noise. These are thermal agitation, shot 
effect, microphonics, and hum from a-c operation. These will be 
defined and described in turn. 

Thermal Agitation. A coordinated flow of electrons 
through a conductor may be caused by establishing a difference 
of potential between the terminals of the conductor. Such a 
coordinated flow of free electrons consitutes the familiar elec- 
tric conduction current.- Superimposed upon this steady flow of 


1. Definition taken from "Standards on Radio Receivers," I.R.g., 1938. 
2. Note that the discussion refers to noise created in the receiver, and 
does not consider noise received by the receiver. 
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electrons are minute variations that change with time in an ir- 
regular fashion caused by the fact that the free electrons of a 
conductor are also in random motion, with velocities that depend 
upon the temperature. The resultant motion of the electrons in 
a conductor at any particular instant of time produces a fluctu- 
ating voltage between its two terminals. "Thermal agitation" is 
the name given to the continual uncoordinated movement of free 
electrons that goes on inside a conductor. Since the fluctuating 
voltage set up by thermal agitation cannot be represented by a 
combination of components of constant amplitude and frequency 
even for a very short interval of time, it is generally repre- 
sented aS a root-mean-square value obtained by integration of all 
components between specified limits of frequency. 

It has been found that the noise voltage generated in a 
frequency band of given width is potentially independent of the 
location of the band in the frequency spectrum. The thermal 
agitation noise voltage is given by the equation 


fe -4er [Rar (8-1) 
fy 


where E is the root-mean-square noise voltage 


K is the Boltzman's constant 1.37 x 10 
degree absolute. 

T is the absolute temperature in degrees Kelvin. 

R is the resistance in ohms. 

f is the frequency in cycles per second; f,; and fo are 
limits of the frequency band. 


“28 joules per 


When the above integration is carried out over a band of fre- 
quencies Af wide, for which the resistance is constant, the ex- 
pression results 


E=x/EKTRATS (8-3) 


Thus for any resistor R having a temperature T there is an equiv- 
alent noise voltage of magnitude E given by (8-3). If this noise 
voltage E is developed across a resistor located in the input 
end of a receiver it will be amplified along with the signal. 
Since for successful reception there is a definite minimum ratio 
of signal voltage to noise voltage, one practical factor limit- 
ing the sensitivity of a receiver is the extent to which the 
voltage from thermal agitation has been reduced in the input 
stage or stages. 

Shot Effect. The shot effect in a radio receiver or any 
vacuum=-tube amplifier is caused by the discrete particle nature 


3. Johnson, J.B., Phys. Rev., 32, 97 (July 1928); Jansky, K.G., "An Experi- 
mental Investigation of the Characteristics of Certain Types of Noise,” 
Proc. I.R.E., Vol. 27, No. 12 (December, 1939). 
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of the flow of electrons from the cathode to the anode of a tube. 
The spasmodic flow of the discrete particles causes a minute cur- 
rent of irregular nature to be Superimposed upon the main plate 
current of the tube. The current caused by shot effect sets up 
@ minute voltage across the output impedance. This voltage is 
then amplified, along with the Signal voltage, to the output of 
the receiver. Shot effect is most pronounced when a tube is 
operated with very little space charge around the cathode. Con- 
sequently the effect can be minimized by operating at such elec- 
trode voltages and cathode temperature to insure a generous 
Space charge around the cathode at all times. Like thermal agi- 
tation effect, the noise energies from shot effect are spread 
over the entire frequency spectrum. 

Microphonic Noise. Microhponic noise is caused by me- 
chanical vibration of the elements of the tubes. The mechanical 
vibration may be due either to mechanical vibration that travels 
through the chassis and tube sockets or to acoutical vibrations 
Striking the tubes directly. The direct transmission of mechan- 
ical vibration can be prevented by supporting the tube sockets 
on springs or other resilient material, or by shock mounting the 
entire chassis as is always done in aircraft radio equipment. 
Acoustical vibration can be kept away from the tubes by enclos- 
ing them individually, or the set as a whole, in a case through 
which sound waves do not readily pass. 

Hum. Hum voltages appearing in the output of a receiver 
are usually caused by operating the receiver from an a-c source. 
Hum frequencies are multiples of the a-c source frequency. 
Again, the effect of hum depends on voltage or current ratios 
and not on absolute magnitudes. In order to reduce the effect 
of hum, care must be taken in the input of low-level stages of 
the receiver, particularly the first audio stage. Hum voltages 
may arise from operating the filament or heater on a-c, from in- 
sufficient filtering in the plate source when using a rectifier, 
from improperly filtered cathode bias resistor, and from stray 
magnetic and electric fields inducing voltages in the various 
circuit components. 

Hum is usually "picked up" by or originated in the 
audio-frequency stages of a radio receiver where the pass band 
of the amplifier includes the hum frequencies. However, hum 
can also originate in the radio- and intermediate-frequency 
Stages where because of a certain amount of non-linearity be- 
tween output and input voltages the hum voltage superimposes 
modulation of the hum frequency upon the regular modulated wave. 
Very serious sources of hum are found in audto-frequency trans- 
formers operating at low signal level unless the transformers 
are carefully shielded and so wound as to reduce to a negligi- 
ble extent the effects of external magnetic fields. Hum voltages 
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induced by electric fields of the power supply and by other 
stray fields can be eliminated with comparative ease by locating 
electrostatic shields around the parts most susceptable to such 
disturbances. 


8-2. Characteristics of a Radio Receiver.- The speci- 
fications of a radio receiver that relate to the quality of its 
performance are usually expressed in the following terms: se- 
lectivity, sensitivity, and fidelity. An additional specifica- 
tion relates to the noise output or signal-to-noise ratio when 
the modulated signal input is noise free. Any noise that ap- 
pears in the output of the receiver under this condition is gen- 
erated within the set and reduces its quality of performance. 
The standard tests for selectivity, sensitivity, and fidelity 
will not reveal the noise output of the receiver. The amount 
of such noises or disturbances that get through to the output 
of the receiver are functions of the system of transmission, 
the selectivity, and the sensitivity of the receiver. 

Selectivity. The selectivity of a radio receiver is 
that characteristic which determines the extent to which it 1s 
capable of differentiating between the desired signal and dis- 
turbances of other frequencies.* Selectivity is generally ex- 
pressed as a ratio of the r-f input voltages required off reso- 
nance and at resonance to produce a standard output voltage or 
power in a receiver. Generally the selectivity refers to the en- 
tire receiver and the input voltages are modulated with a con- 
stant modulation factor and frequency for making selectivity 
tests. Thus selectivity becomes a curve of input voltage ratios 
versus kilocycles off resonance. A typical curve is shown in 
Fig. 8-1. In many current broadcast receivers, the selectivity 
curve might be nearly constant over a band of frequencies ohm 
about 10 kilocycles width centered about the carrier frequency. 

Sensitivity. The sensitivity of a radio receiver was 
defined in Sec. 8-l. Sensitivity is usually expressed either 
in decibels below one volt or directly in microvolts introduced 
in the input of the receiver through a standard dummy antenna 
to produce normal test output when all adjustments and controls 
are set for maximum sensitivity. 

The input signal for a sensitivity measurement is a car- 
rier modulated 30 per cent at a frequency of 400 cycles. Normal 
test output depends somewhat upon the power output of the re- 
ceiver. For example, for receivers of less than 1 watt and 
greater than 0.1 watt output, the normal test output is 0765 
watt in the particular load resistor for which the final power 
amplifier stage of the receiver is designed to operate. The 
sensitivity of a radio receiver usually varies somewhat over any 


hk. Definition taken from "Standards on Radio Receivers," I.R.E., 1938. 
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Fic. 8-1. Typical selectivity curve for a radio receiver. 


one tuning band and must therefore be given as a curve piotted 
against frequency. 

Fidelity. Fidelity is the degree to which a radio re- 
ceiver accurately reproduces at its output terminals the essen- 
tial characteristics of the Signal which is impressed on its 
input. This is essentially the Institute of Radio Engineers! 
definition. The fidelity of a receiver with sound output is 
usually separated into electric fidelity and acoustic fidelity. 
Fidelity measurements are made by keeping the carrier frequency 
and voltage constant and varying the modulating frequency while 
the modulation is maintained at 30 per cent. For electric fi- 
delity the receiver 18 terminated in its normal load and the 
volume control is adjusted for normal test output. The relative 
response of the receiver in decibels from an arbitrary zero level 
at 400 cycles is then plotted against modulation frequency. The 
Institute of Radio Engineers* has adopted some special standard 
instructions for tuning a receiver that has automatic volume 
control prior to making fidelity tests. | 

Noise and Hum. The specifications of a radio receiver 
Should include the noise and hum voltage outputs that will be 
tolerated when a specified noise-free carrier voltage is applied 
through a dummy antenna to the input terminals of the receiver. 


8-3. Tuned Radio-Frequency Receiver, Radio receivers 
may be classifed according to the method by which the modulated 
voltage at the input is amplified to sufficient amplitude to 
operate the final detector that converts the Signal back to its 
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original unmodulated form. The two types in common use at the 
present time are the tuned-radio-frequency amplifier and the 
superheterodyne. 

In the tuned-radio-frequency receiver the modulated sig- 
nal input voltage is amplified through a cascade system of tubes 
with tuned transformers for coupling circuits. These tuned 
transformer-coupling circuits are either of the tuned-secondary 
type or the doubly-tuned type, which were described and treated 
in Ch. 2. The tuned-secondary type has been used frequently be- 
cause of the difficulty of getting condensers to track properly 


R-F Amplifier R-F Amplifier Detector 


\I/ 


() 
To A-F Amplifier 


Fic. 8-2. Tuned radio-frequency receiver. R-f. stages and detector only. 
Condensers C;, Cz, and C3 ganged. 


in the doubly-tuned type. The tubes are r-f pentodes. A sche- 
matic circuit diagram is shown in Fig. 8-2. 

The tuned-radio-frequency receiver may readily have a 
fairly high sensitivity and a comparatively low noise level com- 
pared with receivers of other types. It is also free from such 
things as image and harmonic frequency response that sometimes 
exist in a superheterodyne receiver. Howéver, the selectivity of 
a tuned-radio-frequency receiver can not generally be adjusted 
satisfactorily to reject interfering frequencies outside of the 
band of desired recaption and still have constant gain over this | 
band without requiring complicated tuning adjustments. This is 
particularly true of a receiver for the standard broadcast fre- 
quencies, where the width of the pass band is approximately 10 
kilocycles and the range of frequencies is 550 kc to 1600 ke. 
Consequently, tuned radio-frequency receivers have nearly disap- 
peared from the radio receiver field. 


8-4. The Superheterodyne Receiver.- The superheterodyne 
receiver comprises a cascade arrangement of a radio-frequency am- 
plifier or a pre-selector, a first dectector and its associated 
oscillator, an intermeciate-frequency amplifier, a second detector 
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and an audio-frequency amplifier. A schematic block diagram is 
Shown in Fig. 8-3. The radio-frequency amplification or the pre- 
Selection is provided in some receivers by a simple tuned trans- 
former, but in better receivers it is obtained by one or more 
Stages of radio-frequency amplification. The function of the 


A-F 
Amplifier 


Fic. 8-3. Block diagram of a superheterodyne receiver. 


first detector and its associated oscillator is to effect a fre- 
quency conversion of the signal from its original location in 
the spectrum to that of the i-f amplifier. The intermediate- 
frequency amplifier comprises one or more stages of selective 
amplification operating at a frequency below the lowest radio 
frequency to which the receiver can be tuned. The second de- 
tector demodulates the modulated signal of i-f frequency and 
thereby generates voltages that have the same frequencies as the 
original modulating frequencies at the transmitter. In a broad- 
cast receiver these voltages lie in the audio-frequency spectrum 
and generally are so weak that they have tc be amplified by one 
or more stages of audio-frequency amplification to be of suffi- 
cient magnitude to drive the final audio-frequency power ampli- 
fier. 

The First Detector and Oscillator. The function of the 
first detector and its local oscillator is that of a frequency 
converter. The incoming signal and a voltage from the local 
oscillator are supplied to a tube operated on a non-linear part 
of its characteristic and thereby generate among other frequen- 
cies a new modulated signal that is a facsimile of the original 
except that it has a carrier frequency equal to the difference 
between the original carrier frequency and the oscillator fre- 
quency. This new signal is modulated by the same percentage as 
that of the original signal. There are a number of circuits for 
doing this. The circuit shown in Fig. 8-4 is known as a penta- 
grid converter. The detector and oscillator are contained in 
the same tube structure. The oscillator section makes use of 
the first two grids, the second grid becoming the anode of the 
oscillator. This gives electron coupling to the detector sec- 
tion. Another method somewhat similar to the above is to have 
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Fic. 8-4. A typical superheterodyne receiver (RCA Dynamic Demonstrator IT). 


& separate tube for the oscillator and to couple the oscillator 
to the third grid of a pentagrid mixer type of detector. This 
latter method is more satisfactory at the higher frequencies 
where the percentage difference between the original signal and 
oscillator frequency is small. 

The Radio-frequency Amplifier. The radio-frequency am- : 
plifier of a superheterodyne receiver must be sufficiently se- 
lective to maintain a fairly high ratio of desired signal to un- 
wanted signals on the first detector. The extent to which this 
is carried out in practice depends largely on the cost of the 
receiver. Usually, however, not more than one stage of radio- 
frequency amplification is employed. The selectivity performance 
of a receiver that has no r-f amplification cannot be expected 
to equal that of a receiver that has one stage of r-f amplifica- 
tion. This is especially true if the receiver is operated under 
conditions where there are two strong signals of comparable -mag- 
nitudes and separated in frequency by twice the intermediate 
frequency of the receiver. When the set is tuned to the signal 
of lower frequency and the oscillator frequency is above the 
Signal frequency there will be a disturbing response from the 
signal of higher frequency unless the r-f amplifier has greatly 
increased the ratio of the two signals at the first detector 
tube. This is known as image-frequency response. The practice 
usually followed in "all-wave receivers" at the present time 
makes use of an intermediate frequency of about 460 ke with the 
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oscillator frequency located above the Signal frequency. Thus 
in a receiver that has a 460-ke intermediate-frequency amplifier, 
image-frequency response is possible from an interfering signal 
that reaches the first detector and has a frequency 920 ke above 
the desired signal. 

The Intermediate-frequency Amplifier. The intermediate- 
frequency amplifier of a Superheterodyne receiver consists of 
one or more stages, generally of the doubly-tuned transformer- 
type coupling. Theze transformers are adjusted to have coupling 
equal to or a little greater than the critical value and so that 
they pass both side bands of the modulated voltage. For usual 
broadcast service this requires a band width of 10,000 cycles 
centered about the carrier. The tubes of the intermediate- 
frequency amplifier are conventional r-f pentodes or super- 
control pentodes. 

The Second Detector and Automatic Volume Control. The 
Second detector of a superheterodyne receiver is usually the 
diode type. For the receiver shown in Fig. 8-4 the second de- 
tector and automatic volume control are incorporated in one tube, 
This is a customary practice although in some cases a second di- 
ode is used for the automatic volume control. The d-c current 
generated by the diode is proportional to the r-f Signal voltage. 
This d-c current establishes the bias voltage for the first and 
Second tubes. These tubes are the super-control type for which 
the output signal voltage is an inverse function of the bias 
voltage. When the strength of the signal to the receiver changes, 
the bias voltage changes. This in turn causes the sensitivity 
of the receiver to change in such a way as to keep a nearly 
constant signal on the second detector. There must be some 
change in the output in order to have automatic control action. 
Delayed automatic volume control means that the action of the 
control is delayed until the signal to the second detector 
reaches a certain value. 

Manual Volume Control. In most receivers that have au- 
tomatic volume control, the manual volume control is effected by 
& potentiometer in the diode detector circuit across which the 
audio signal voltage is developed. The movable arm of the po- 
tentlometer is connected to the grid of the first audio-frequency 
amplifier tube. In some receivers that have no automatic volume 
control, the manual volume control changes the bias to one or 
more super-control tubes in the r-f and i-f stages. This con- 
trol is also sometimes arranged to perform the dual function of 
changing the signal input to the receiver as well as changing 
the sensitivity of the receiver. 

Automatic Frequency Control. Automatic frequency con- 
trol in a superheterodyne receiver refers to circuits for the 
maintenance of the frequency of the oscillator at a constant 
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value. It also provides an automatic tuning of the oscillator 
to the correct frequency for producing the correct intermediate 
frequency when the oscillator tuning is near the correct adjust- 
ment or in cases where either carrier or local oscillator fre- 
quency drifts. This feature is desirable in a receiver that has 
a high degree of automatic volume control because in such a re- 
ceiver it is difficult to tell just when the tuning fs correct. 
Figure 8-5 illustrates a method for obtaining automatic frequen- 
cy control. The duodiode and its associated circuit is called a 
discriminator. It generates a d-c voltage across its load re- 
sistor that depends upon the ratio of the impressed frequency to 
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Fic. 8-5. Typical circuit diagram of an automatic frequency control 
for a radio receiver. 


the resonant frequency of the circuit connected to its plates. 
Use is made of phase shift that occurs in the neighborhood of 
the resonant frequency in a resonant circuit. The duodiode and 
its associated resonant circuit is so arranged with respect to 
the intermediate-frequency amplifier that a change in frequency 
causes one diode to receive a greater voltage than the other. 
This results in a net d-c voltage across the combined load re- 
Sistors. This d-c voltage is used to bias a tube sometimes known 
as a variable reactance tube. The variable reactance tube® is 


5. This is the same type of tube as is used for frequency-modulating a car- 
rier. See Ch. 6. 
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connected to the oscillator so that the r-f voltage applied to 
the grid is 90° out of phase with that applied to the plate. 

The plate current of the variable reactance tube is 90° out of 
phase with the plate potential and thereby becomes a part of the 
tuning reactance of the oscillator. The magnitudes of the plate 
current and the reactance depend upon the bias of the tube; this 
in turn depends upon the frequency shift at the discriminator. 
Hence, if the intermediate frequency is Slightly off value or 
changes momentarily, the oscillator is so tuned by the discrimi- 
nator and variable reactance tube that the intermediate frequen- 
cy is immediately brough back in tune with the amplifier. 

Tone Control. Most radio receivers are equipped with a 
tone control. The simpler type of tone control attenuates only 
the higher frequencies. One method for doing this is to connect 
a fixed condenser and variable resistor in series from the plate 
of the first amplifier tube to ground, or cathode. As the value 
of the resistor is reduced, the higher frequencies are attenuat- 
ed because the gain of the tube at the higher frequencies is 
made less, . ; 

Cross Modulation. Cross modulation, sometimes known as 
crosstalk, in a radio receiver is the name given to unwanted sig- 
nals in the output which are caused by the interaction of one or 
more undesired r-f signals with the r-f signal for which the re- 
ceiver is tuned. One such type of crosstalk exists only in a 
Superheterodyne receiver. This type, as was pointed out earlier, 
is due to image-frequency response. Another type can exist in 
any type of receiver when the receiver is tuned to a strong sig- 
nal and the sensitivity of the receiver is reduced by operating 
one or more amplifier tubes near cutoff bias. Then because of 
the high order of curvature of the tube characteristic near cut- 
off, a second simultaneous signal of a different frequency will 
modulate the desired signal and cause unwanted output. For this 
kind of crosstalk there is no specific relation between the fre- 
quencies of the desired and undesired signals. The magnitude of 
the crosstalk depends upon the curvature of the amplifier tube 
and the strength of the undesired signal that reaches the grid 
of the tube. This type of cross modulation may be reduced by 
attenuating the undesired signal as much as possible before it 
reaches the first control tube, and it may be avoided by using 
a tube that does not have a high order of curvature over any 
part of its characteristic. The type of tube that has this 
characteristic is known as the super-control, or variable-mu, 
tube. With the use of these two expedients crosstalk has been 
largely eliminated in present-day receivers. 

Distortion. Distortion in a radio receiver is due to a 
number of things. The detector causes some distortion which 
increases with the percentage of modulation. This is a type of 
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wave-form distortion. The r-f and i-f amplifiers may cause dis- 
tortion because the gain of these amplifiers is not constant 
over the full range of the side-band frequencies. This latter 
type of distortion is frequency distortion because some of the 
higher side-band frequencies are not amplified at the same rate 
as the lower frequencies. It can be reduced by broadening the 
pass band of the amplifiers, but generally this can only be done 
at the expense of sensitivity. The audio-frequency amplifier 
may also cause both wave-form and frequency distortion. In gen- 
eral, the distortion caused by the audio-frequency amplifier 

can be reduced only at a sacrifice of gain. The loud speaker 
for a radio receiver also causes considerable distortion because 
it does not have constant sound output for all audio-frequency 
Signals of the same amplitude. In summary it can be said, in 
general, that a radio receiver does not faithfully reproduce the 
modulating signal impressed on the input and that high fidelity 
and high sensitivity are incompatible. 


8-5. Receiver for a Frequency=Modulated Signal.- A typ- 
ical receiver for a frequency-modulated signal is of the super- 
heterodyne type. It is quite similar in circuit layout to an 
amplitude-modulation receiver up to the stage where the modulat- 
ing signals are recovered from the modulated wave. Figure 8-6 
Shows a block diagram of such a receiver and a detailed diagram 
of the demodulator, or discriminator, with the limiter tube. 

Up to the limiter tube there is little essential difference 
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Fic. 8-6. Block diagram of an F-M receiver with detail on limiter and 
discriminator. 
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between the F-M (frequency-modulation) and the A-M (amplitude- 
modulation) receivers. As a matter of fact, receivers are built 
for ultra-high-frequency service that will operate on either 
F-M or A-M and a large part of the receiver is used as a common 
Section for either service. For A-M service, the conventional 
A-M demodulator is switched into the circuit between the output 
of the intermediate-frequency amplifier and the audio amplifier. 
For F-M service, a limiter tube and a discriminator replace the 
A-M demodulator. All-wave combination receivers generally have 
separate intermediate-frequency transformers for A-M and F-M 
service, because the intermediate frequency of an F-M receiver 
has to be higher than that of the conventional A-M receiver. 

The maximum band width that has been adopted as standard for an 
F-M signal is 200 kilocyvles. To amplify a band this wide with- 
out undue attenuation of the frequencies near the edges of the 
band requires a much higher intermediate frequency than is nec- 
essary in an A-M receiver. Intermediate frequencies from 4 to 
about 6 megacycles are being used. 

The Limiter and the Discriminator. Because the limiter 
and discriminator are the only essential parts of an F-M re- 
ceiver that are different from and A-M receiver, only a brief 
description of these will be given. As a frequency-modulated 
wave is one of constant amplitude it is possible to remove any 
amplitude modulation from it without detracting from the qual- 
ity of the demodulated output. Hence, any amplitude modulation 
that the frequency-modulated wave may have acquired by the time 
it reaches the output of the intermediate-frequency amplifier 
can be eliminated. This is done by the limiter tube. The lim- 
iter tube operates with low plate potential and little bias, 
and is driven to plate current saturation. Therefore, any ad- 
ditional increase in amplitude due to amplitude modulation pro- 
duces no further increase in output voltage. 

From the output of the limiter tube the F-M signal goes 
to the discriminator. The discriminator performs in the same 
manner as does the discriminator in the automatic frequency con- 
trol of an A-M receiver, except that it produces an audio- 
frequency output voltage because the signal input voltage is 
changing in frequency about the carrier. The amplitude of the 
audio output is proportional to the instantaneous signal fre- 
quency deviation from the carrier frequency, and the audio fre- 
quency is proportional to the rate at which the signal frequency 
is deviating. 


8-6, The Pass-Band of a Radio Receiver.- What has been 
said so far about radio receivers has been largely from the 
standpoint of the use of such receivers for voice- and music- 
modulated carrier waves. For voice, or music, reception of 
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amplitude-modulated signals the audio-band width necessary for 
reasonably good quality is in the neighborhood of 10,000 cps 
centered about the carrier. This means that frequencies between 
some small number and 5000 cps are passed, others eliminated. 
For frequency-modulated signals the present practice is to do 
better by allowing about 15,000 cps band width. For services 
other than voice or music transmission, the pass-band width of 
the receiver depends upon the type of service. For telegraph 
service, the pass-band width need be only 100 to 300 cps and 
depends upon the number of letters per minute. A quartz crystal 
can be used in a telegraph receiver as the coupling element be- 
tween the tubes of the intermediate-frequency amplifier, because 
of the narrow band required. This greatly increases the selec- 
tivity. A television receiver requires for the picture channel 
the widest pass band of all. The intermediate frequency of such 
a receiver must be high: 12.75 ke has been standardized. The 
intermediate-frequency amplifier must pass a band of frequencies 
of about 4 megacycles and must have practically constant velocity 
of transmission. So, also, the amplifier following the second 
detector must pass about 4 megacycles with nearly constant ve- 
locity of transmission. 

A receiver for any special service such as periodic im- 
pulses or non-recurring and semi-transient impulses must pass a 
band width equal to the difference between the highest and low- 
est frequencies contained in, or necessary to form,the impulse. 
For such a receiver it is essential that the velocity of trans- 
mission® be extremely constant over the pass band, or the shape 
of the received impulse will be different than the original 
‘transmitted impulse even though the amplitude response of the 
receiver is constant over the pass band. 


8-7. Other Types of Receivers.- Regenerative and Super- 
regenerative Receivers. <A regenerative receiver is one in which 
@ regenerative detector is used. Figure 8-7a shows a simple 


6. By constant velocity of transmission is meant that change in phase angle 
is directly proportional to frequency. The ommon practice of talking 
about velocity of transmission in a circuit with lumped parameters (R, 

L, C, tubes, etc.) comes from analogy with transmission line theory, where 
Bf = en(/A is the change in phase of the incident wave between input and 
output. Since in the same theory c = B /» where c is the velocity of phase 
propagation (see Ch. 11), it is seen that if f( and hence 6) were propor- 
tional to Ww, c would be constant. Thus, constant velocity corresponds to 
direct proportionality between phase change and W. The need, from the 
steady-state viewpoint, of the latter for distortionless transmission is 
shown in Ch. l. 
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regenerative detector. In this type of detector the plate cir- 
cuit is coupled into the tuned grid circuit for the purpose of 
building up the input signal. This is a form of regenerative 
feedback where the feed-back voltage is in phase with the input 
voltage. Thus the gain of the tube is greatly increased because 
with this type of feedback the gain becomes equal to the gain 
without feedback divided by 1-Af, where” AB has a positive real 
term around the resonant frequency of the input circuit. Enorm- 
ous sensitivity can be obtained with a single tube. There are, 
however, objections to this type of detector. High regeneration 
aeooLMined at the expense of instability. That is, for high 
sensitivity the adjustments must approach the critical adjust- 
ment which, if slightly exceeded by a change in the d-c operat- 
ing potential or a slight over-adjustment, will result in sus- 
tained oscillations. Thus such a detector requires delicate ad- 
justment of the regeneration to keep it functioning properly. 
Furthermore, when the regeneration is adjusted for high 


(a) Simple regenerative detector. 


Quenching tube 
(b) Superregenerative detector. 


Fic. 8-7. Regenerative and superregenerative receivers. 


7. Ais the magnitude of the voltage smplification without feedback and § is 
the magnitude of the feed-back ratio (see Ch. 3). 
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sensitivity, the selectivity becomes so high that only a very 
narrow band of frequencies will be passed. 

The superregenerative system of Fig. 8-7b is employed at 
rather high frequencies. It is used to some extent in portable 
radio receivers for police communications because of its rela- 
tive freedom from ignition interference. The sensitivity of 
such a system is extremely high. The audio output does not de-. 
pend much on the strength of the input signal. That is, there 
is a kind of limiter action that causes strong signals to give 
little more output than weak signals. This type of detector 
makes use of the high gain that can be obtained in a regenerative 
detector when adjustments are on the threshold of oscillations. 
Because of the signal, oscillation starts but the quenching tube 
Which operates at a much lower frequency prevents the oscillations 
from building up to a very high amplitude before they are stopped, 

Communications Receivers. A receiver that has a hetero- 
dyne detector is required for receiving telegraph code. Hence, 
almost any receiver can be converted into a code receiver by the 
incorporation of a beating oscillator that supplies to the detec- 
tor a voltage in addition to the signal voltage. The detector 
can be practically any type used for amplitude modulation. Or- 
dinarily the beating oscillator frequency differs from the sig- 
nal carrier frequency by about 1000 cycles, although in most 
code receivers this frequency can be adjusted to suit the lis- 
tener. Superheterodyne receivers built especially for code re- 
ception generally have quartz-crystal coupling in the intermedi- 
ate-frequency amplifier for limiting the pass band. The beating 
frequency is introduced into the input of the second detector 
from a single tube oscillator. 
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Chapter 9 
TRANSMITTERS 


A radio transmitter is essentially an assembly of radio 
equipment such as tubes, condensers, resistors, inductors, d-c 
power supplies and the like for producing power at radio fre- 
quencies that is delivered to a radiator and is controlled or 
modulated by the intelligence to be transmitted. Most of the 
components of a transmitter, including the frequency controlling 
device (usually a quartz-crystal oscillator), the d-c power sup- 
ply, and the various amplifying stages, which may be considered 
as applications of r-f amplifiers, have been treated separately 
in other chapters of this text. The transmitter is Simply a 
comprehensive co-operative assembly of such components that will 
operate at the desired frequency with the desired power output 
and with the kind of modulation necessary for the service for 
which it is intended. The components are usually assembled in 
a steel rack with panels containing the various Switches, con- 
trols, and meters that are necessary for adjusting the transmit- 
ter and monitoring its performance. 


9-1. Classification and Frequency Tolerance of Trans- 
mitters.- Radio transmitters are classified according to the type 
of service for which they are applied. There are several classi- 
fications as follows: 

1. Telegraph code transmitter. 

2. Radio-telephone amplitude-modulated transmitter. 

3. Radio-telephone frequency-modulated transmitter. 

4, Impulse-modulated transmitter. This type is not es- 
sentially unlike the radio telephone. A television transmitter 
is an example of this type. 

5. Tone-modulated transmitter. This type is about the 
Same as a radio-telephone transmitter. 

Each of these classifications of transmitters may be 
Subdivided according to the particular service and frequency for 
which the transmitter is used. The design problems connected 
with the layout and assembly of a particular type depend to some 
extent upon the operating frequency. Hence there are such 
classifications as amateur, standard broadcast, ultra-high- 
frequency broadcast, police, low- and high-frequency telegraph, 
aircraft mobile, and others. 

The frequency tolerances of transmitters are regulated 
in this country by the Federal Communications Commission. These 
tolerances have been reduced from time to time because development 


287 


288 ULTRA-HIGH-FREQUENCY TECHNIQUES 


has made such reductions possible. In some instances, a very 
high degree of frequency stability is necessary for technical 
reasons alone. Consequently, any table of tolerances given in 
this text should not be regarded as final, and anyone interested 
at any time in the latest figures should write to the Federal 
Communications Commission, Washington, D.C., for the current 
tolerance regulations. The present tolerances are 


Frequency Band and Type of Service Tolerance 


Ly) VO" ba> 550: ke 
a. Fixed land, mobile, other than under (b) ........ 0.1% 
b. Mobile station between 110-160 ke and 
SOSHBL EG EG io Seis Seles orca al ie latelevele’ co avena wrenches Geese ke aaa 
2. 550-1500 ke (standard broadcast ) 20 cycles 
3. 1500-6000 ke 
Bo PLSSd SEBEL DI lio Viereielelee com: entrees eiaelec een etic eth etna 
De BT'S CSE TOT Ia ein crate secre ose tamacatade,, ceatunctecme wees i cst s/t ee et ne manana 
c. Mobile station 
1500-4000 ke 
HLL Cw as 45. + cel ele whe soe wel. oe eroceeeteier ey at ay pate ae 
5500-5550 ke 
HOOUSGOOO? Wir Li racic vi ote state ee ww eiellc cel cre SheMeNaS uhiessi'ts etiam 
QS APO PAL TAI 125 Sh ca eels acteeteve wie ceils gtems co tak cle etakoke os cee ane 
Sy BROAACASTITIE: (oiataeiiaetw hs alae eles ie we relseut wee state ke oc an 
4, 6000-30,000 ke 
Bi, WAT Ab ree Gi eke wie sehen tee tae cual eckls te loth tae cee ail ere ae 
Rp AVS SSRs yllalo aia ta atolels etenaie late ThE igtatitle  eiatosete: son cere tu 0 ie kain ae 
c. Mobile 
6200-6250 ke 
8230-8330 ke 
11000- 
12340-12500 kop TTT Teter eee eee e ee 0.05% 
16460-16660 ke 
22000-22200 ke] 
Other Frequencies: ck :d ss aie ce sw oete cea ps'e ee 
Gs ALORA TE ss oie eo vee Wine ee ete tale er one wie Cato arte ee ate eee et 
@. Broadcast ine Wiis eye les ee cee et aibie cie ele ate a hae ne ee 


This table is presented here so that the student will appreciate 
the necessity for accurate control and means of checking the 
operating frequency of a radio transmitter. 


9-2. Amplitude-Modulated Radio Telephone Transmitters. - 
There are some design features that are nearly the same for all 
radio transmitters. Because of the high stability or low toler- 
ance required of the various classes of radio transmitters, most 
transmitters employ quartz-crystal oscillators for their master 
frequency control. For many types of services the crystals, and 
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in some cases the circuits, are kept at approximately constant 
temperature in a temperature-regulated box, but certain types of 
crystal cuts make temperature regulation unnecessary in some 
services. The oscillators are low power, generally not more 
than 7.5 watts, and are followed by buffer amplifiers operated 
as Class C0, which increase the power level until the modulated 
Stage is reached. Beyond the modulated stage the type of ampli- 
fier depends upon the class of the transmitter. Figure 9-1 il- 
lustrates a typical layout of a crystal oscillator and two buf- 
fer stages. Each buffer amplifier is operated as Class C and 

is tuned by a simple parallel circuit in the plate circuit. The 
manner in which one stage is coupled to the next varies and de- 
pends somewhat on whether the two stages are located near each 
other or some distance apart in the rack. Link coupling between 
Stages is used to some extent when tuned circuits are employed 
in both the plate and grid circuits. 


Oscillator Ist r-f Amplifier 2nd r-f Amplifier 


y, 
ee 


LP iys = ee B- B+t 
Fic. 9-1. A typical arrangement of the oscillator and buffer 
amplifier in an amplitude-modulated transmitter. 


The buffer amplifiers in a transmitter may employ pen- 
todes or neutralized triodes. The present-day practice seems 
to be to use pentodes because, if care is taken in laying out 
the circuits, they require no neutralization except at the high 
frequencies. When the operating frequency is higher than about 
10 megacycles, the frequency is stabilized by a crystal oscilla- 
tor operating at a sub-multiple of the operating frequency. 
Then one or more of the buffer amplifiers are operated as har- 
monic generators or frequency doublers or triplers. 

- All radio-telephone amplitude-modulated transmitters 
are essentially alike in several respects. There are, however, 
two different practices in regard to the location of the modu- 
lating amplifier with respect to the rest of the stages. One 
practice is to modulate the carrier at low power level and then 
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to amplify the modulated wave with Class B or high-efficiency 
linear amplifiers to the desired power level for transmission. 
Figure 9-2 is a block diagram of low-level modulation. The 

other practice is to modulate at high power levels in the final 
stage or power amplifier. Consequently, high-level plate-circuit 
modulation requires a modulator that will furnish the full side- 
band power output of the transmitter. This means the audio- 


Class C 


Oscillator 


Final 


and Low- Modulated 
Buffer Power Amplifier Amplifi 
Amplifiers Amplifiers are 


Frequency 
Monitor 
Meter 


Modulation 
Monitor 


Modulator 


Speech 
Amplifier 


Fic. 9-2. Block diagram of a radio-telephone transmitter 
with low-level modulation. 


power output of the modulator must be equal to one-half of the 
d-c power input of the modulated amplifier for 100 per cent mod- 
ulation at an efficiency equal to that at which the carrier out- 
put is produced by the modulated amplifier; whereas for the low- 
level modulated type, the modulator must furnish side-band power 
that is only a fraction of the full side-band power output of 
the transmitter. In the low-level type the amplifiers, after 
modulation has been produced, must be linear, either Class B 

r-f amplifiers or a high-efficiency linear amplifier such as 

the Doherty.” 

There are two practices for effecting modulation in 
transmitters; namely the plate-circuit-modulated Class C ampli- 
fier and the grid-circuit-modulated Class C amplifier. These 
two practices are illustrated in Figs. 9-3 and 9-4. Plate- 
circuit modulation requires more modulator power but the effi- 
ciency of power conversion by the modulated amplifier is higher 
and frequently the distortion may be made less. Also if the 
same type of tube were to be used in modulators of both types, 
the modulated power output would be very much greater in the 
plate-circuit modulator. 


1. For the theory of the Doherty amplifier, see Doherty,"A New High Effi- 


ciency Power Amplifier for Modulated Waves,’ Proc. I.R.E., Sept. 1936; 
also Proc. I.R.E., Sept. 1939. 
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Modulated Amplifier Modulated Amplifier 
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Driver 

Output 
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Driver 


From Speech 
Amplifier 


| . : Modulator 


BG Bt 
Modulator 
Fic. 9-3. Plate-circuit-modulated _ Fig. 9-4. Grid-circuit-modulated 
Class C amplifier. Class C amplifier. 


From Speech 
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The high-power stages of a radio-telephone transmitter 
generally comprise two tubes connected in push-pull. The modu- 
lator stage is often connected push-pull, since this type of 
operation gives a still better efficiency and a substantial re- 
duction in even harmonics. 

A radio-telephone transmitter for broadcast service must 
have a direct-reading frequency-deviation meter and a modulation 
monitor. The frequency-deviation meter reads in cycles off the 
assigned frequency, and is connected inductively to one of the 
Stages ahead of the modulated amplifier. The modulation monitor 
reads the percentage of modulation and tells when the modulation 
goes over 100 per cent. 

Modern radio-telephone transmitters employ inverse feed- 
back for reducing hum, noise, and distortion. One procedure is 
to impress a portion of the modulated output voltage on a diode 
detector and feed the rectified audio-frequency output of the 
diode into the input circuit of the Speech amplifier or of the 
tube just ahead of the modulator. Feed-back is necessary to re- 
duce hum when the filaments of the power tubes, particularly 
linear r-f amplifiers, are operated on a-c. 

The higher power tubes of a radio transmitter are cooled 
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either by forced air or water. In the water-cooled type, water 
is circulated around the anode of the tube by means of a close 

fitting water jacket. In the air-cooled type, fins are fitted 

to the anode and air may be forced up through these fins. 


9-3. Frequency-Modulated Radio-Telephone Transmitters .- 
There are two or more types of frequency-modulated transmitters. 
The two most important types are the Armstrong and the reactance- 
tube modulator. It is beyond the scope of this chapter (see 
Ch. 6) to go into the details of modulating systems for these 
two ways of producing frequency modulation. However, in the 
Armstrong system, the carrier frequency is obtained directly 
from a crystal oscillator and therefore needs no indirect method 
for stabilization. <A block diagram of the Armstrong system is 
Shown in Fig. 9-5. The 200-ke frequency-modulated wave has a 
very low modulation factor ms. The frequency multipliers step 
up both the frequency and the modulation factor. 


Crystal 
Oscillator 


43.2 Mc 


12800 ke 


Amplifier 


Balanced Modulator 
and 90 Degree 
Phase Shift Network 


Fic. 9-5. Block diagram of Armstrong system for frequency modulation. 


In the reactance-tube method, the oscillator is fre- 
quency modulated and cannot be directly crystal controlled. 
However, crystal control is obtained by a method quite similar 
to the frequency control in a radio receiver where a discrimina- 
tor is used to control the normal adjustment of a variable- 
reactance tube. The block diagram is shown in Fig. 9-6. . The 
frequency for normal performance of the discriminator shown is 
1500. ke. 

If the carrier frequency of the transmitter changes, 
because of a somewhat slow drift of the non-modulated or carrier 
frequency of the modulated oscillator, the input frequency to 
the discriminator is changed. This results in an output d-c 
voltage that shifts the bias of the variable-reactance tube in 
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Such @ way as to bring the carrier frequency of the modulated 
oscillator back to its proper value. The variable-reactance tube 


Discrim- 


inator 


1500 ke 


Fic. 9-6. Block diagram of a variable-reactance-tube 
method for frequency modulation. 


serves two purposes. Its normal reactance is controlled by the 
discriminator, which keeps the carrier frequency of the modulat- 
ed oscillator constant. The variation of its reactance is 
caused by the audio-frequency input, which in turn makes the 
reactance vary at an audio-frequency rate. The rate at which 
the reactance varies is proportional to the frequency of the 
audio signal, and the magnitude of variation is proportional to 
its amplitude. 

In the Western Electric system the carrier frequency 
of the modulated oscillator is held constant by a small motor 
mechanically tuning the condenser of the oscillator. This motor 
is energized by a frequency-divider system connected to the out- 
-put of the modulated oscillator and a low-frequency crystal os- 
cillator through a modulator. The output of this modulator pro- 
duces a rotating magnetic field in the motor when the output of 
the frequency divider differs from that of the crystal-controlled 
oscillator. The direction of rotation depends upon which fre- 
quency is the higher. When the carrier frequency is correct 
the motor is at rest. The inertia of the motor prevents it from 
following the modulation frequency. 


9-4, Code Transmitters.- A code transmitter does not 
differ materially from a radio-telephone transmitter except that 
frequently there are no modulated amplifier and modulator. All 
amplifiers are operated as Class C either at their fundamental 
frequencies or as frequency multipliers, depending upon the 


2. Morrison, J.F.,'A New Broadcast-Transmitter Design for Frequency Modula- 
tion, Proc. I.R.E., Vol. 28, No. 10, October 1940. 
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frequency of operation. Keying is done by interrupting the ex- 
citation to one of the low-level amplifiers. This is accom- 
plished by one of two methods. One method is to reduce the 
plate voltage of a low-level amplifier through a resistor that 
is also connected to a tube called the keying tube. The keying- 
tube plate current is controlled by changing the bias to its 
grid with the key. This changed bias greatly reduces the output 
of the tube and the excitation of the next tube. Hence, when 
the key is up, the r-f output of the transmitter is very low. 
When the key is down, the excitation is normal and the output 

is a maximum. The other method of keying changes the grid-bias 
voltage of a low-level tube. When the key is down, the bias 
voltage is normal and, when key is up, the bias voltage is large 
enough to reduce the r-f output almost to zero. 

Code transmitters are apt to cause interference to other 
radio channels because of the high order side-band frequencies 
that are produced when the output changes rapidly from nearly 
zero to a maximum as the signal is made. The side-band frequen- 
cies can be suppressed by proper filter circuits between the 
output of the transmitter and the antenna, or prevented by the 
use of circuits in the keying system that do not let the energy 
level of the transmitter change so rapidly. 

Short-wave code transmitters are generally crystal con- 
trolled. When the frequency is higher than about 10 megacycles, 
frequency-multiplier amplifiers are used in connection with a 
crystal-controlled oscillator that operates at a sub-multiple 
of the operating frequency. lLong-wave code transmitters are 
commonly controlled by a master oscillator that is not crystal 
controlled. 


frequency oscillations. 


Chapter 10 


ULTRA“HIGH-FREQUENCY GENERATORS 


One of the major problems encountered in the field of 
ultra-high-frequency techniques is the generation of ultra-high- 


This chapter will first discuss the 


factors that reduce the efficiency and power output and limit. 
the frequency of operation of conventional vacuum-tube oscilla- 


tors, 


and then treat special tubes and circuits that have been 


developed for the generation of waves with wavelength of the 
order of 20 cm or less in length. 


| 


Grid Leak } 
NN Hn ee met | L -- 


Fic..10-1. Circuit of high- 
frequency negative-grid os- 
cillator. Theoscillatory cir- 
cuit is indicated by solid 
lines. The reactance of C, 
is negligible at the frequen- 
cy of oscillation. 


10-1. Frequency Limit of Con- 
ventional Oscillators.- In order to in- 
crease the frequency of oscillation of 
conventional oscillators it is necessa- 
ry to decrease the inductance and ca- 
pacitance of the oscillating circuit. 
In the limit, the inductance is reduced 
to that of the grid and plate leads and 
the capacitance to that between the 
leads and the electrodes. The oscil- 
lating circuit is then physically re- 
duced to a single loop, as shown in 
Fig. 10-1, composed principally of the 
grid and plate leads, which are bridged 
at their outer extremities by a con- 
denser whose reactance is negligible at 
the frequency of oscillation. The os- 
cillating circuit may be constructed as 
a Lecher wire system? having an equiva- 
lent length of a multiple of quarter 
wavelengths or of concentric lines 
whose equivalent lengths are a multiple 
quarter wavelengths. As the frequency 
is increased, it is found that a value 


The term Lecher wire system used in this chapter refers to a two-wire 
transmission line, electrically long, but physically not large because of 


the short wavelengths at which it is used. 


cussed in Ch. ll. 


Transmission lines are dis- 


The material of this chapter is a logical sequence of the electron tube 


theory and circuits of the preceding chapters. 


Nevertheless, a thorough 


understanding of the content of this chapter will require some knowledge 


of the subject matter of Chs. 11, 12, and 1h. 


Some readers will prefer 


to complete Chs. 11 to 14 before going through Ch. 10. 
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is reached, usually in the range between 10 and 60 megacycles, 
at which the efficiency and power output begin to fall off rap- 
idly, and eventually oscillation ceases entirely. The loss of 
efficiency and power output, and the frequency limit are the re- 
sult of one or more of the following factors: 


A. Transit time of electrons between cathode and plate, which 
1. increases the effective grid conductance of the tube and 
2. shifts the phase of the plate current with respect to the 

grid voltage. 

B. Limitation, by the physical structure of the tube, of the ex- 
tent to which the parameters of the oscillating circuit can 
be reduced, 

C. Increase of power loss in the oscillating circuit as the re- 
sult of 
ion skein erieet, 

2. large capacitance charging current, which results in large 
RI* loss, 

3. electromagnetic radiation from the circuit, 

4, dielectric losses in the tube base and envelope. 


A. Electron transit time affects the efficiency and fre- 
quency limit of oscillation principally through its influence 
upon the input conductance of the tube. It has been shown, both 
theoretically and experimentally, that the input conductance 
(real part of input admittance), which is practically zero when 
transit time is unimportant, rises rapidly as the period of os- 
cillation approaches the time of transit Ty; of an electron be- 
tween the cathode and the plate.* The input or grid conductance 


G, of a negative-grid tube is given by the relation 
2042 1 
Gg = Ken? Ty” = Kem Ge (10-1). 


in which K is a parameter depending upon the electrode spacing 
and upon the electrode voltages, gm is the transconductance, f 
is the frequency, and T = 1/f is the period of oscillation.® 


2. W.R. Forris, Proc. I.R.E., 24, 82, Jan. (1936), and accompanying paper by 
D.O. North. | 

3. The physical explanation for the real component of input admittance at 
high frequencies becomes apparent when it is noted that a portion of the 
input current is the charging current of the grid-plate capacitance. The 
current flowing into Cop is caused to flow by the vector sum of the im- 
pressed grid-cathode voltage e; and the voltage eo developed across the 
plate load. At low frequency the load voltage across a resistive load is 
opposite in phase to the impressed voltage e14 and adds algebraically to 
the impressed voltage in sending current through Cgp- Hence the resultant 
current is 90 degrees out of phase with the impressed voltage. When the 
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In tubes of conventional structure the transit time may 
be of the order of magnitude of 0.001 microsecond, which is the 
period of a 1000-megacycle wave. Since the grid conductance 
either shunts the resonant tank circuit, or is coupled to LG; 
increase of grid conductance increases the energy dissipation. 
The increased dissipation is objectionable not only because of 
the reduction of efficiency and power output, but also because 
the energy which is lost in the grid circuit appears at the plate 
in the form of heat and thus raises the temperature of the plate. 
The efficiency of operation is also affected by the shift in 
phase between the grid voltage and the plate current. This shift 
occurs because the circuit parameters must be changed in order 
to compensate for this phase shift. 

Since the transit time decreases with an increase of 
plate voltage and with a decrease of plate-cathode spacing, the 
efficiency and the high-frequency limit of oscillation can be 
increased by raising the operating voltage or by using a tube 
with small electrode spacing. 

B and C. Limitation of the upper frequency of oscilla- 
tion by the minimum size to which the oscillating circuit can be 
reduced is a problem that may be solved to some extent by the 
use of tubes of special design. Reduction of lead length not 
only reduces circuit inductance and capacitance, but also cir- 
cuit resistance. Losses caused by skin effect can be minimized 
by the use of conductors of low resistivity metals and large 
Surface area. Conductor losses resulting from high charging cur- 
rents necessitate the use of electrode structures that minimize 
interelectrode capacitance. Losses resulting from radiation can 
be minimized by close spacing of leads (of the order of 1/100 of 
the wavelength), but decrease of conductor spacing below a cer- 
tain value increases the r-f resistance of the conductors. A 
compromise must therefore be made in choosing the lead spacing. 
Dielectric losses in the tube envelope are objectionable not 
only because of the reduction of output and efficiency, but also 
because they may cause disintegration of tube seals. Dielec- 
tric losses are reduced by eliminating the tube base and making 
connections directly to the loads and by bringing the conductors 
through the glass at points on the conductors where there are 
potential nodes. 

The low interelectrode capacitances requisite for high 


Footnote Continued 
period of the impressed voltage approaches the transit time, however, the 
plate current, and hence the voltage across a resistive load, begins to 
lag the impressed voltage. The resultant voltage across Cgp therefore 
lags the impressed voltage and the charging current has a component in 
phase with e;. 
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resonance frequency and for low charging-current loss must be 
attained by the use of small, carefully designed electrodes. 
Although interelectrode capacitances can also be reduced by in- 
creasing the electrode spacing, this has the objectionable ef- 
fect of increasing electron transit time. It has been shown 

that for optimum conditions of operation, the dimensions of the 
tube must be decreased in proportion to the operating wavelength. 
If all the linear dimensions of a vacuum tube are divided by a 
factor n, the tube factors and the plate current at fixed operat- 
ing voltages remain unchanged, but the interelectrode capacitance, 
lead inductance, and transit time are divided by the factor n.* 
From this fact it follows that if a good design at one wavelength 
is available, the optimum procedure in redesigning at a lower 
wavelength is to reduce all tube and circuit linear dimensions 
proportional to the wavelength. The allowable plate dissipation 
and available emission, however, are inversely proportional to 

n* and current densities directly proportional to n*. The power 
output that can be obtained from tubes of small dimensions is 
therefore less than that obtainable from larger tubes. 

A dependence in a given tube of limiting frequency of 
oscillation upon the plate voltage may be taken as an indication 
that this limit is the result of electron transit time, rather 
than of the physical size of the circuit or of circuit losses. 


1o-2. Ultra-high frequency Negative-grid Tubes.- The 
low transit time, small lead inductance and capacitance, and 
small interelectrode capacitance requisite to the production of 
ultra-high-frequency oscillations have been attained in the 
"acorn"? and "door-knob"® types of tubes. Acorn type triodes 
will oscillate at wavelengths as low as 40 cm. Because acorn 
tubes are designed principally for use in amplifier and low- 
power oscillator circuits, they will not be discussed further. 

Figure 10-2 shows the Western Electric type 316A door- 
knob tube, which has an upper frequency limit of about 700 mega- 
cycles. Unusual features of the design of this tube include the 
complete elimination of the usual "press" and the usual close 
spacing of leads, the shortness of the leads, and the small size 
of the electrodes. The grid is in the form of a number of 
straight wires parallel and equidistant from the axial filament 
and supported by cooling collars at each end. The upper fre- 
Quency limit of this tube is the result of electron transit time. 

Figure 10-3 shows the structure of the Western Electric 


4, Salzberg, B. and D.G. Burnside, Proc. I.R.E., 23, 1142 Oct. (1935), 

5. Salzberg, B., Electronics, Sept. (1934); Salzberg, B., and Burnside, D.G., 
Procs: DeRsEey 23:31 42). Oot. (2955, ). 

6. Samuel, A.L., Jour. App. Physics, 8, 677 Oct. (1937). 
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FIG, 10-2. Western Elec- FIG, 10-3. Western Electric Type 
tric type 316A tube. 368 Tube. 


type 368A tube, which has a high-frequency limit of approximate- 
ly 1700 megacycles. In this tube the grid and plate elements 
are supported by wires that go straight through the tube en- 
velope and thus provide two independent paths to each of these 
elements. The tube has only one set of filament leads, one of 
which is very short. The grid consists of a series of tungsten 
wire loops supported by a cooling fin and projects into a slot 
in the block of graphite that acts as the plate element. The 
limiting factor in the power dissipating ability of this tube 
is the temperature of the grid, which is unusually close to the 
filament and may emit electrons if it becomés too hot. 

The double-ended construction of the 368A tube makes pos- 
Sible the use of this tube in an oscillating circuit in which the 
tube elements are at the center of a half-wave Lecher system 
with closed ends. Because the lumped capacitance between the 
grid and plate may be assumed to be divided between the two 
quarter-wave halves of the Lecher System, the frequency of os- 
cillation is higher than in a single-ended quarter-wave systen, 
in which the total capacitance is associated with the Single 
Quarter-wave circuit. The double-ended arrangement decreases 
radiation losses and, because only half the charging current 
flows through each set of leads, it decreases the resistance 
loss in the leads. 


10-3, Ultra-high-frequency Negative-grid Oscillators.- 
Figure 10-4 shows the circuit of an oscillator using the 368A 
tube. This circuit is tuned by means of concentric line"stubs" 
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(see Ch. 11), which have the characteristic advantages over 
Lecher wire systems and other open circuits possessed by concen- 
tric lines. Because the electromagnetic fields are confined to 
the inside of the tubing, radiation from these portions of the 
circuit is prevented. Furthermore, the high-frequency current 
is confined to the inside of the lines when they are tuned so 
that there is a current node at the open end. This simplifies 
the problem of applying direct voltages to the elements without 
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FIG 10-4, Circuit of Ultra-High Frequency Oscillators. 


allowing high-frequency currents to flow in the supply lines. 

A third advantage is the ease with which the circuit can be 
tuned. The fields are confined to the inside of the stubs, hence 
body capacitance has no effect upon the tuning. 

Because of the coupling between the filament and the 
grid and plate, tuning stubs must be used not only in the grid 
and plate leads but also in the filament leads in order to pre- 
vent the flow of high-frequency currents in the filament supply 
lines. 

Although the highest frequency at which the 368A tube 
will oscillate is too low for many ultra-high-frequency applica- 
tions, appreciable output at wavelengths as low as 9 or 10 cm 
can be obtained by bleeding off power at the second harmonic of 
the fundamental frequency of oscillation. In order to filter 
out the fundamental output, the vacuum tube is mounted, as 
shown in Fig. 10-5, within a brass tube whose diameter is suf- 
ficiently large to allow propagation as a wave guide of second- 
harmonic power but not large enough to allow the propagation of 
fundamental power (see Ch. 14). For the production of 9- or 10- 
cm waves a tube having an inside diameter of 2 1/2 or 3 inches 
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Tuning Stubs Tube Condenser 


Fic. 10-5. 10-cem negative-grid harmonic oscillator. 


is satisfactory. The energy may be radiated from the open end 
of the brass tube, conducted along a wave guide extension of the 
tube or it may be taken from the brass tube at a distance of 10 
inches or more from the vacuum tube by coupling electrostatical- 
ly or electromagnetically to concentric cables (see Ch. 13). 
Figure 10-6 shows the circuit of the oscillator. The condenser 
C, the reactance of which is negligible at 1500 M, is connected 
between the ends of one set of grid and plate leads which, with 
the grid and plate, form a quarter-wave Lecher system closed at 
the condenser end. The other set of grid and plate leads is ad- 
justed with a concentric line stub 
to an effective length of one- 
fourth or three-fourths the wave- 
length. Radiation takes place 
from portions of the oscillating 
circuit other than the tuning stub. 
To prevent loss of energy through 
the filament supply lines, concen- 
tric line stubs are also used in 
the filament leads. The by-pass 
condensers shown in Fig. 10-6 con- 
sist of four brass disks, separat- 
ed by mica, as shown in Fig. 10-7. 
These disks, which are located at 
the vacuum-tube end of the brass 
tube, support the concentric line 
Stubs, the center conductors of 
Which are attached to the tube 
leads. The filament, grid, and 
plate supply lines, indicated by 
the letters F, F, G, and P in 

Fig. 10-6, are also connected to 
the disks by means of soldering 
Fic. 10-46. Circuit diagram of lugs or other convenient connec- 


10-cm harmonic oscillator. foyer 


A 9-cm output of sufficient 
amplitude for most ultra-high- 
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frequency experiments is obtained with a plate voltage of 275 to 
300 volts, and a grid resistor of about 10,000 ohms. The output 
can be increased by de- 
creasing the grid resistor 
to lower values and by 
raising the plate voltage, 
but the plate dissipation 
must be kept within the 
allowable value of 20 
watts. As the adjustment 
of the tuning stubs is 

—> Grid likely to be very critical, 
it is advisable to use re- 
duced plate voltage and a 
protective resistance of 
500 to 1000 ohms in the 
plate circuit until the 
circuit oscillates.’ A 
good indication of oscil- 
GFFP lation is the flow of grid 


Fic. 10-7. Structure of tuning stubs and by- current, although a de- 


pass condensers for 10-em harmonic nega- ‘*°Ctor Suitable for 9-cm 
tive-grid oscillator. waves should also be used. 


There are usually several 

combinations of settings 
of the tuning stubs at which the circuit will oscillate, but one 
setting gives the highest second-harmonic output. When the os- 
cillator is properly tuned, very little high-frequency radiation 
can be picked up from the supply lines. The output is affected 
considerably by changes of filament current. 


Tuning Stub 


RDOOOSS 9 
KT 


—> Filament 


10-4, Positive-grid Oscillators.- High-frequency oscil- 
lations dependent upon electron transit time may be produced by 
applying positive voltage to the grid of a high vacuum triode 
and zero or a small negative voltage to the plate. As in ultra- 
high-frequency negative-grid oscillators, the principal oscillat- 
ing circuit usually consists of the grid and plate leads, which 
form a Lecher wire system. The principal oscillating circuit 
may, however, be placed either between the grid and the cathode 
or the plate and the cathode. The frequency of oscillation is 
usually dependent upon the values of the parameters of the oscil- 
lating circuits, but under certain conditions the frequency of 


7. The writer uses a 500-ohm resistor in the plate supply line in adjusting 
the circuit and reduces the plate voltage to a value at which the plate 
current does not exceed 50 ma when the tube is not oscillating (about 200 
volts). 
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oscillation over a limited range of circuit parameters is inde- 
pendent of the external circuit and depends only upon the transit 
time of the electrons from the cathode to the plate. Oscilla- 
tions independent of circuit parameters were first observed by 
Barkhausen and Kurz” in 1920, and bear the names of these discov- 
erers. Oscillations dependent upon circuit parameters are called 
Gill-Morrell oscillations, after the men who first observed 
them.? The frequency of Gill-Morrell oscillations cannot be va- 
ried continuously by varying only the circuit parameters or only 
the electrode voltages, since the circuit oscillates only when 
the transit time is properly related to the period or periods of 
oscillation of the circuit. 


10-5. Theory of Positive-grid Oscillatots,— The opera- 
tion of a positive-grid oscillator may be explained qualitative- 
ly by studying the motion of individual electrons between the 
cathode and the plate (A) when the grid and plate potentials are 
constant, and (B) when one or both have an alternating component 
relative to the cathode whose period is equal to the transit 
time of an electron from the cathode to its point of closest ap- 
proach to the plate. 

A. Assume first that the grid and plate potentials are 
constant and that electrons leave the cathode with zero initial 
velocity. An electron at the cathode is accelerated by the field 
between the cathode and the grid. When it reaches the plane of 
the grid it may strike the grid. It may, however, pass between 
the grid wires into the grid-plate Space, where it will be slowed 
down by the grid-plate field. If the plate is slightly negative 
relative to the cathode, the electron will come to rest (in the 
zero potential plane) before it strikes the plate and will then 
again be accelerated toward the grid. If it again passes between 
the grid wires, it will be slowed down by the grid-cathode field 
and will come to rest at the cathode. If it does not enter the 
cathode it may again move toward the grid. Fig. 10-8 shows the 
approximate manner in which the position of the electron varies 
with time.?° 

B. Assume now that there is superimposed upon the steady 
grid voltage @ Sinusoidally varying voltage having a period 
equal to one-half the time taken for an electron to move from 
the cathode to the vicinity of the plate and back to the cathode. 
Consider first an electron that leaves the cathode at the instant 
when the alternating component of grid voltage is zero and the 


8. Barkhausen, H., and Kurz, K., Phys. Zeits., M1 yia4(2020)., 

9. Gill, E.W.B., and Morrell, Phil. Mag., 44, 161 (1929) . 

10. Oscillators of any type in which electrons swing back and forth, as illus- 
trated in Figs. 10-8 and 10 are sometimes called "pendulum-type oscilla- 
tors." 
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grid potential is changing from negative to positive. The ap- 
proximate manner in which the position of the electron varies 
With time is shown in Fig. 10-9. During the time that the elec- 
tron moves from the cathode to the grid, the grid is more posi- 
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FiG. 10-8. Motion of an electron in a pos- 
itive-grid tube with constant electrode 
voltages. 


tive than it would be without the 
alternating component of grid volt 
age, and so the acceleration at 
every instant in this portion of 
the path is greater than it would 
be with constant grid voltage. At 
the instant the electron reaches Fic. 10-9. Motion of an elec- 
the plane of the grid the alternat- | om that absorbs energy from 
source of alternating grid volt- 
ing component of grid voltage re- age. . 
verses, and so the retarding field 
between the grid and the plate dur- 
ing the interval ti - te is lower than with steady grid voltage, 
and the retardation of the electron at every instant in this 
interval is lower. Because of the greater acceleration between 
the cathode and the grid and the lower deceleration between the 
grid and the plate, the electron approaches closer to the plate 
than it does with steady grid voltage, and may actually strike 
the plate. If it does not strike the plate, it returns to the 
grid or cathode. The difference in potential between the grid 
and plate during the interval te - ts, however, is greater than 
that during the interval t, - tse, and the difference in poten- 
tial between the grid and the cathode is less during the inter- 
val ts - t4 than during the interval tp - t,. Consequently the 
acceleration throughout the interval ta - ts exceeds the 
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deceleration throughout the interval ti - tz, and the decelera- 
tion throughout the interval ts - t4 is less than the accelera- 


tion throughout the interval to - ti. 


The electron therefore 


reaches the cathode with appreciable velocity, and will of ne- 
cessity enter the cathode and be unable to make a second trip 


to the plate. 


The excess energy with which the electron strikes 


the cathode must come from the source of alternating grid volt- 


age. 


Figure 10-10 shows the manner in which the position of 
an electron varies with time when it leaves the cathode at the 


—------+-- 
) 
pt be 
1 
! 

t 


Rie A 


J 
J 
| 
! 


Fic. 10-10. Motion of an electron that 
gives up energy to the source of alter- 
nating grid voltage. 


instant when the alternating 
grid voltage is zero and chang- 
ing from positive to negative. 
In this case the acceleration 
between the cathode and the 
grid is lower than with con- 
Stant grid voltage and the de- 
celeration between the grid and 
the plate higher, and so the 
electron does not approach the 
plate so closely as with con- 
stant grid voltage. Further- 
more, the acceleration through- 
out the interval to - t, is 
less than the deceleration dur- 
ing the interval t, - ts, and 
tke deceleration throughout 

the interval tz - t4 exceeds 
the acceleration throughout 

the interval to - t,. Conse- 
quently the electron comes to 
rest before it reaches the 
cathode. The fact that the 
electron comes to rest before 
it reaches the cathode, but 
would still have considerable 
energy at the same distance 
from the cathode if the grid 
voltage were constant, indi- 


cates that the electron has given up energy to the source of al- 


ternating grid voltage. 


After the electron comes to rest it may make another 


trip toward the anode. 


This time, however, 


it starts from a 


point the potential of which is positive relative to the cathode 
and will consequently gain less energy in moving to the plane 
of the grid than when it moved from the cathode to the grid dur- 


ing the first trip. 


It therefore comes to rest at a point 
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farther from the plate than during the first trip and will re- 
turn to a point farther from the cathode than at the end of the 
first trip. Although it is possible that the electron may con- 
tinue to oscillate about the grid with decreasing amplitude, 
each time it passes through the grid it is drawn closer to one 
of the grid wires by an amount that increases during each suc- 
ceeding transit because of the reduction of the velocity with 
which it passes through the plane of the grid. For this reason 
it is improbable that the electron will make a large number of 
excursions before striking the grid. A large number of oscilla- 
tions is, in fact, undesirable, since the transit time decreases 
as the amplitude of oscillation decreases.** For this reason 
there is an advance in the phase of the oscillation of an elec- 
tron relative to that of the alternating voltage. As the dif- 
ference in phase increases, the energy delivered by the elec-. 
tron during an oscillation becomes smaller and eventually be- 
comes zero. In order to make the net energy delivered to the 
source of alternating voltage as large as possible, the electron 
must be removed from the space before the phase shift becomes so 
great that the electron takes energy from the source. 

Electrons may leave the cathode at any instant in the 
cycle of alternating voltage. Analyses similar to those made 
above show that any electron that leaves the cathode at any in- 
Stant in the cycle when the alternating grid potential is 


ll. Let s be the amplitude of oscillation of an electron, i.e., the maximum 
distance it moves toward the cathode from the grid. If the cathode-grid 
field is assumed to be uniform, the acceleration a of an electron in the 
cathode-grid space is 


a> — [Eg +E sin (wt + @) ] (a) 


in which Ey is the direct grid voltage relative to the cathode, E, is 

the amplitude of the alternating grid voltage, e and m are the charge 

and mass of an electron, and d is the cathode-grid spacing. The velocity 
of an electron at a time t afte. it starts moving toward the grid from 
its point of greatest distance from the grid is 


Oy i" ee . En 
v -[ adt tes [Egt = q cos(wt +6) +4 ® cos @] (b) 
The distance moved in the time t is 


x =f vat = 2 (2 age? - Wein (ut +0) + Bt con 0] (c) 


Although eq. (c) cannot be directly solved for t, the form of the equa- 
tion indicates that the time taken by an electron to move through the 
distance s to the plane of the grid from its point of greatest departure 
from the grid decreases with decrease of s. In a similar manner it may 
be shown that the time taken for the electron to move from the grid to 
its point of closest approach to the piate aecreases with the amplitude 
of oscillation of the electron. 
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changing in the positive direction gains energy from the source 
of alternating grid voltage and will either strike the plate 
after its first crossing or the cathode upon its first return. 
All electrons that leave at any instant when the alternating 
grid voltage is changing in the negative direction, on the other 
hand, deliver energy to the source of alternating voltage and 
may make a number of excursions, during each of which they de- 
liver energy to this source. Since the energy gained by an elec- 
tron of the first group may be shown to equal approximately the 
energy lost during the first excursion of an electron of the 
Second group that leaves one-half cycle later,?* and since the 
number of electrons that leave the cathode in any interval of 
given length may on the average be assumed to be constant, it 
follows that more energy is delivered to the source of alternat- 
ing grid voltage than is taken from it. The source of alternat- 
ing grid voltage therefore gains energy, which must be Supplied 
from the source of direct grid voltage. 

The student may show that an alternating plate voltage, 
opposite in phase to the alternating grid voltage, acts upon a 
given electron in a manner similar to the alternating grid volt- 
age. When an oscillatory circuit is connected between the grid 
and the plate, alternating components of grid and plate voltage, 
opposite in phase, are supplied by the circuit. If the energy 
gained by the oscillatory circuit as the result of the motion of 
the electrons in the tube exceeds the energy dissipated in the 


12. If the amplitude of the alternating grid voltage is small in comparison 
with the direct grid voltage, the time of the first transit of an elec- 
tron is nearly equal to the transit time for zero alternating grid volt- 
age. Under this assumption, eq. (b) of the preceding footnote shows that 
the velocity of an electron at the plane of the grid during its first 
excursion is 


En 


. 6 E 
alts; [Egto - a cos(Wto + 8) +— cos 6] (a) 


in which to is the time taken by an electron to move to the grid from its 
point of greatest distance from the grid. The second and third terms of 
eq. (d) represent the velocity gained by the electron as the result of the 
alternating grid voltage. Since changing @ by 180 degrees is equivalent 
to reversing the algebraic signs of these two terms, it follows that the 
magnitude of the change in velocity of an electron as the result of the 
alternating voltage is, at least to the first order of approximation, 

the same for two electrons whose time of departure from the cathode dif- 
fers by half a cycle. Hence the magnitude of the energy delivered to or 
taken from the source of alternating voltage is equal for two such elec- 
trons. A similar analysis shows that the magnitude of the energy trans- 
fer between electrons and the source of alternating voltage during the 
first transits of the electrons from the grid toward the plate is equal 
for electrons whose time of departure from the grid differs by a half a 
cycle. 
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cricuit, sustained oscillation will take place. Sustained os- 

cillations may be produced by a similar process if the oscilla- 
tory circuit is connected between either the grid or the plate 

and the cathode. 


10-6. The Positive-grid Oscillator Tube Considered as a 
Negative Resistance,- The fact that sustained oscillation takes 
plece when a resonant circuit is connected between two of the 
electrodes suggests that between these points the tube acts like 
a negative resistance. This can be shown to be so. As electrons 
approach the surface of an electrode they induce a positive 
charge on the surface, i.e., they repel electrons from the sur- 
face within the metal. Similarly, as space electrons move away 
from an electrode, electrons within the electrode flow toward 
the surface of the electrode. As a result, electrons move in 


the external circuit and thus produce a current (not sinusoidal )* 


the conventional direction of which is opposite to the direction 
of motion of the electrons. (Conventional direction of current 
is the direction in which positive charges would move.) This 
current is superimposed upon the current resulting from the flow 
of electrons that actually strike and enter the electrode and 
upon the current that flows as the result of interelectrode ca- 
pacitances. The lower curves in Figs. 10-9 and 10-10, derived 
from the upper curves, show the general form of the grid current 
flowing in the external circuit as the result of the motion of 
the two electrons to which these figures apply. Comparison of 
the waves of plate voltage and plate current shows that the fun- 
damental component of the induced grid current resulting from 
the motion of the electron that takes energy from the source of 
alternating grid voltage is in phase with the alternating grid 
voltage, whereas that resulting from the motion of the electron 
that delivers energy to the voltage source is opposite in phase 
to the grid voltage. Similar analyses indicate that all elec- 
trons that leave the cathode at such instants that they take 
energy from the source of alternating grid voltage produce fun- 
damental induced grid currents having components in phass with 
the grid voltage, whereas all electrons that leave at such in- 
stants that they deliver energy to the source of alternating 
voltage produce fundamental induced grid currents having com- 
ponents opposite in phase to the grid voltage. Since electrons 
of the former type leave the interelectrode space after not more 
than one excursion, whereas electrons of the latter type may 
make several excursions, the total number of the second type 
that are in the space exceeds the number of the first type, and 
so the resulting 180 degree out-of-phase fundamental grid cur- 
rent exceeds the resulting in-phase fundamental grid current. 
The net fundamental- grid current resulting from the oscillation 


13. Shockley, W., Jour. App. Physics, 9s 635 Oct. (1938). 
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of electrons is therefore opposite in phase to the grid voltage, 

and the tube acts like a negative resistance. A similar analysis 
Shows that the tube also acts like a negative resistance between 

the plate and the cathode or between the grid and the plate. 


107, Frequency of Oscillation of Positive grid Oscil.. 
lators.- A negative tube resistance may also be shown to exist 
when the period of the alternating electrode voltages differs 
Slightly from the cathode-plate transit time. As the frequency 
difference is increased, however, the magnitude of the negative 
resistance increases. Since, as shown in Sec. 4-17, the magni- 
tude of the negative resistance must be less than the effective 
resistance of the oscillating circuit in order for sustained os- 
cillation to be possible, the circuit oscillates only over a 
limited range of frequency in the vicinity of the transit fre- 
Quency. As the difference between the transit frequency and the 
frequency of the resonant circuit is increased, the amplitude 
of oscillation decreases and finally becomes zero. It may be 
Shown, furthermore, that there are other frequency ranges in 
which the tube acts like a negative resistance and sustained os- 
cillation may occur. Because the magnitude of the negative re- 
sistance in these ranges is greater and the energy dissipation 
of the circuit may be higher, these other ranges of oscillation 
are usually not observed. "Dwarf" oscillations, of frequency 
higher than the transit frequency have, however, been reported 
by a number of investigators.1* 

A Lecher wire system connecting two of the electrodes 
can resonate to the transit frequency when its effective length 
is equal to (n/2 - 1/4)At%, in which n is any integer and A; is 
the wavelength corresponding to the transit frequency. (See Ta- 
ble 11-II of Ch. 11.) As the length is increased, therefore, 
it passes through successive ranges in which sustained oscilla- 
tions are obtained. Increased loss in the circuit, however, 
causes the amplitude of oscillation and the range in which os- 
cillation takes place to be less in each succeeding range. Since 
the grid-plate, grid-cathode, and plate-cathode circuits are 
coupled together through the interelectrode capacitances, the 
oscillating system is in general complicated and may have a num- 
ber of natural frequencies of oscillation. It is possible to 
find combinations of circuit parameters such that over limited 
ranges the frequency of oscillation is not affected by changes 
of parameters. The Barkhausen-Kurz type of oscillation is then 
observed. Multiple oscillation frequencies can be avoided by 
the use of concentric line stubs in all electrode leads, as in 
the negative-grid oscillator circuit of Fig. 10-4. 


14, See forinstance, W.D. Hershberger, Proc. I.R.E., 24, 964 July (1936). 
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10-8 Difficulties in the Design and Operation of 
Positive-grid Oscillators.-- Because most of the electrons leav- 
ing the cathode are caught by the grid before they leave the 
cathode space, the ratio of the alternating grid current to the 
direct grid current is small. Hence the efficiency of the 
positive-grid oscillator is low. This is objectionable not only 
because of the resulting low power output, but also because of 
the difficulty of dissipating the energy released at the grid. 
The problem is particularly difficult at wavelengths of the 
order of 20 cm and less, since short transit time and low inter- 
electrode capacitance necessitate the use of high grid voltage, 
close spacing between electrodes, and small electrode area. For 
this reason positive-grid oscillators have not as yet proved to 
be of great value in this frequency range. The theory of opera- 
tion of these oscillators is, however, of importance since it 
may suggest modifications or new types of tubes that operate 
more efficiently. 


109% Magnetron Oscillators.- One of the most satisfac- 
tory generators of ultra-high-frequency oscillations is the mag- 
netron which consists, in its most common form, of a two-element 
tube with cylindrical plate structure and a coaxial filament, 
used With a magnetic field parallel, or nearly parallel to the 
filament. Although an alternating magnetic field may be used 
in the production of oscillations of comparatively low frequency, 
the magnetic field is maintained constant in the generation of 
ultra-high-frequency oscillations. As first described by Hull1,* 
the anode consisted of a continuous cylinder. The anode in the 
type of magnetron now commonly used is divided into two inde- 
pendent semi-cylindrical segments, as shown in Fig. 10-11, which 
are connected through an oscillatory circuit which may be either 
entirely inside of the tube envelope, or partially outside. 

Two types of oscillations are obtained with magnetrons 
using constant magnetic field. The first type is dependent upon 
the fact that the static current-voltage characteristic of 
either anode of a split-anode magnetron has a portion with nega- 
tive slope. A magnetron that generates this type of oscilla- 
tion is usually called the "negative-resistance" or "dynatron" 
magnetron. The negative-resistance magnetron operates efficient- 
ly only at frequencies that are low in comparison with the tran- 
Sit frequency. The frequency of oscillation can be varied con- 
tinuously by changing the constants of the oscillatory circuit. 
The second type of oscillation, which is in some respects similar 
to that obtained in positive-grid oscillators, depends upon the 
transit time of the electron from the cathode to the anode. 


15. Hull, A.W., Phys. Rev., 18, 31 July (1921). 
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Oscillation of this type takes place only when the magnetic and 
electric fields are adjusted so that the time taken for the elec- 
tron to move from the cathode toward the anode and back is equal 
to, or nearly equal to, the period of oscillation of the oscil- 
latory circuit. Magnetrons generating this type of oscillation 
are called "transit-time magnetrons." 


Quarter-wave Loop 


Fic. 10-11. Electrode structure of split- Fic. 10-12. Electric and magnetic fields 
plate magnetron. in parallel-plate magnetron. 


1010. Paths of Electrons in Magnetrons under Static 
Conditions.-- Although practical magnetrons do not make use of 
plane parallel electrodes, it is instructive to investigate the 
motion of electrons in theoretical magnetrons of this type. 
Fig. 10-12 shows two plane parallel electrodes which will be as- 
sumed to be of infinite extent and to lie parallel to the xX-Y 
plane of coordinates. The magnetic flux is assumed to be uni- 
form and to be parallel to the Y-axis. The electric field is 
assumed to be uniform and to be parallel to the Z-axis. The 
equations of motion of an electron whose instantaneous position 
in the space between the electrodes is specified by the co- 
ordinates x, y, Z are 


d-z Be dx 

fess Ror (10-2) 
d°x Be dz 

mat? "ec at ord 
a= 
ar = 0 (10-4) 


in which m is the mass and e the magnitude of the charge of an 
electron in esu, E is the electric field strength in esu, B is 
the flux density in gauss, and c is the velocity of light in 
em/sec. Solution of eqs. (10-2) and (10-3) yields the following 
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equations for the path of an electron initially at rest at the 
origin: 


E 
x = Boot - sin wt) (10-5) 
Ze) eeeenanen (10-6) 
Bw 
in which w = Be/me (10-7) 


Equations (10-5) and (10-6) are those of a cycloid generated by 
a point on a circle of radius E/Bw rolling on the plane of the 
cathode with an angular velocity w. The maximum distance to 
which the electron moves normal to the cathode is 2c*Em/B7e. 
When this distance is just equal to the anode-cathode spacing, 
the electrons just graze the surface of the plate and the plate 
current is just cut off. For an electrode spacing d, the crit- 
ical relation between the magnetic flux density and the plate 
voltage for plate-current cutoff is 


B® = 11.32 B/a* (10-8) 


in which B is measured in gauss, Ep in volts,*®° and d in centi- 
meters. When B is less than the value given by eq. (10-8), the 
electrons strike the plate. When B exceeds this value, on the 
other hand, they return to the cathode and may make other excur- 
sions toward the plate. Figure 10-13 shows possible types of 


Plate 


Cathode 


Fic. 10-13. Paths of electrons in parallel-plate mag- 
netron with static fields. 


electron paths. It should be noted that eq. (10-7) indicates 
that the angular velocity of the electrons, and hence their time 
of transit, depends only upon the strength of the magnetic field. 

The analysis for a magnetron with concentric cylindrical 
electrodes is extremely complicated in comparison with that for 
the magnetron with plane parallel electrodes. A complete analy- 
sis for the single-anode cylindrical magnetron has been made by 
Brillouin.’’ This analysis shows that the angular velocity of 
electrons leaving the filament increases gradually up to a lim- 
iting value 


16. The reader should distinguish between E for electric field intensity and 
E for voltage. 
17. Brillouin, L., Phys. Rev. 60, 385 Sept. 1, (1941). 
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Wm = 8.84 x 10°Bgauss (10-9) 


The electrons describe spiral paths in a plane normal to the 
filament after they reach a distance L from the filament given 
by the relation 


L182 ¢5 (91071) /hB? cm (10-10) 


in which Ip is the anode current in milliamperes, h is the length 
of the filament in cm, and B is the flux density in gauss. The 
anode current is just reduced to zero when the following rela- 
tion holds between the flux density and the anode voltage: 


B = 6.7 E,i/2 b/ (he aS) (20—dHds) 


in which b is the anode radius in cm and a the filament diameter. 
The electrons then rotate about the filament with an angular ve- 
locity given by eq. (10-9). In practical diodes the filament 
diameter is so much smaller than the plate diameter that eq. 
(10-11) reduces to?° 


B = 6.7 E,¥2/b (10-12) 


When the flux density is just above the cutoff value, 

- an electron makes approximately 0.7 of a revolution about the 
filament in moving from the cathode to the vicinity of the plate 
and back. Figure 10-14 shows typical electron paths. 


(a) (b) (c) (d) 


Fic. 10-14. Electron paths in a cylindrical magnetron with static fields. 


The above analysis neglects an important effect that 
Linder has shown to exist, namely, the conversion of some of 
the orbital energy of the electrons into energy of random mo- 
tion.1® The most probable cause of this Phenomenon appears to 
be collisions between electrons moving away from and returning 
toward the cathode. It results in the formation of a region 
about the cathode in which electron current is limited by space 
charge. The boundary of this region acts as a virtual cathode. 
Because of their energy of random motion, some electrons may 


18. Linder, E.G., Proc. I.R.E., 26, 346 March (1938). 
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return to the actual cathode with considerable excess energy. 
The resulting bombardment may produce an objectionable rise in | 
cathode temperature. This effect will be discussed in Sec. 10- 
14. A second consequence of the energy of random motion is the 
flow of some plate current when the flux density exceeds the 
theoretical cutoff value indicated by eqs. (10-8) and (10-12). 
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FIG. 10-15, Current vs voltage for one segment at a splhit- 
plate magnetron at four values of voltage of the other seg- 
ment. Arbitrary units. 


10-I1. Negative-resistance Magnetron Oscillator.- Figure 
10-15 shows the manner in which the current to one segment of a 
two-segment magnetron varies with the potential of that segment 
at several values of potential of the other segment in the vi- 
cinity of plate-current cutoff.?® The current and voltage units 
in this figure are arbitrary. Figure 10-16 shows curves of the 
sum and difference of the currents to the two segments of the 
anode of a magnetron as a function of the difference in poten- 
tial of the two segments when the potential of one segment is 
raised and that of the other lowered by an equal amount.7° 
Since the curves of Fig. 10-15 and the difference curve of Fig. 
10-16 show portions with negative slope, it follows from the 
discussion of Sec. 4-17 that sustained oscillations should be 
produced if a parallel resonant circuit is connected either in 
series with one anode segment and the cathode or between the two 


19. McArthur and Spitzer, Proc. I.R.E., 19, 1971 Nov. (1931). 
20. Kilgore, G.R., Jour. App. Physics, 8, 666 Oct. (1937). 
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Segments. Figure 10-17 shows the circuit of the usual type of 
negative-resistance magnetron, in which the tank circuit is con- 
nected between the two anode segments. Because of the similar- 
ity to ordinary push-pull circuits, this arrangement is commonly 
called the push-pull connection. 

A physical explanation for the production of negative 
resistance can be gained from Fig. 10-18, which shows typical 
electron paths, estimated from the electrostatic and magnetic 
fields when the magnetic field is approximately 1.5 times the 
cutoff value. The path in Fig. 10-18a is for equal potentials 


EA=500+ AV 
Eg =500- AV 


Fic. 10-17. Circuit of negative re- 
sistance magnetron oscillator. 


on the two segments. The 
electrons travel in symmetri- 
cal paths and very few reach 
the anode. Figures 10-18b 
and c show, however, that 
when the potential of one 
sector is raised and that of 
the other lowered, electrons 
travel in complicated paths 
and strike the sector having 
the lower potential. Hence 


ee 
if the potential of sector A 
exceeds that of sector B, 


FIG, 10-16. Static characteristics plate current flows to sec- 
of a two-segment magnetron showing tor B, and Ip B Ip is nega- 
tive when E, - Ep is positive. 
Figure 10-18d shows an experimental verification of Fig. 10-18b 
obtained by photographing the ionized path of electrons in a gas- 
filled tube. 

The efficiency and power output of the negative-resistance 
magnetron oscillator are limited by the same factors as negative- 
grid oscillators, listed in Sec. 10-1. The circuit requirements 
are more stringent, however, since the resonant impedance of the 
oscillating circuit must be higher for negative-resistance 
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FIG. 10-18. Typical electron paths in a two-segment mag- 
netron, showing how electrons arrive at the plate-half of 
lower potential. 


magnetron oscillators than for negative-grid oscillators. A 
circuit with given losses, therefore, will not oscillate at so 
high a frequency in the negative-resistance magnetron oscillator, 
and the efficiency at a given frequency is lower than in the 
negative-grid oscillator. Furthermore, as indicated by eq. 
(10-9), in order to make the transit time small, it is necessary 
to use high magnetic flux density. An efficiency of 30 per cent 
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at a wavelength of 10 cm would require a flux density of approx- 
imately 8000 gauss. The difficulty of obtaining the required 
high flux density is one of the limitations involved in the use 
of negative-resistance magnetron oscillators. Moreover, eq. (10- 
12) indicates that in order to operate in the vicinity of plate- 
current cutoff at high values of flux density, it is necessary 
to use high anode voltage and small anode diameter. The diffi- 
culty of obtaining adequate plate dissipation is, therefore, an- 
other serious limitation in the use of negative-resistance mag- 
netrons at ultra-high frequencies. Plate dissipation may be in- 
creased by the use of a heavy-walled plate structure and by 
placing the oscillating circuit within the tube envelope. The 
conductors are then made of large cross section and high ther- 
mal conductivity, so that heat is dissipated by the entire cir- 
cuit. Water cooling has also been used. So far, however, the 
use of this type of magnetron has, for the most part, been re- 
Stricted to wavelengths of 50 cm and greater, although by the 
use of water-cooling and continuous evacuation it has been pos- 
sible to obtain an output of 80 watts at 19 em. 


10-12- Transit-time Magnetron Oscillators-- The theory 
of operation of transit-time magnetron oscillators is in some 


respects similar to that of positive grid oscillators. The mech- _ 


anism by which energy-absorbing electrons are removed from the 
interelectrode space is, however, different. 

Although the magnetron with plane parallel electroues is 
Seldom used, the analysis of this type is simpler than that of 
cylindrical types, and therefore of value as an introduction. 
In the operation of all transit-time magnetrons the flux density 
1s adjusted so that plate current is just at cutoff. Electrons 
then just graze the surface of the plate, and return to the 
cathode. The path of electrons is as shown by curve b of Fiz: 
10-13. Suppose that a small alternating voltage of period equal 
to the time taken for an electron to move to the plate and back 
{s superimposed upon the steady plate voltage. If an electron 
leaves the cathode (or virtual cathode) at the instant the al- 
ternating voltage is zero and increasing in the positive direc- 
tion, the electric field throughout its motion toward the plate 
is greater than when the alternating voltage is zero. The elec- 
tron will therefore approach closer to the plate, and may strike 
it. If it does not strike the plate, the electron returns to 
the cathode. Because the difference in potential between plate 
and cathode throughout its return trip is less than during its 
outward trip, it loses less kinetic energy than it gained, and 
will therefore strike the cathode with appreciable velocity and 
will be lost to the space. The excess energy with which it 
Strikes the cathode is derived from the source of alternating 
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voltage. An electron that leaves the cathode a half cycle later, 
on the other hand, does not approach so close to the plate as 
when the plate voltage is constant. Since the potential differ- 
ence during its return trip is greater than during its outward 
trip, it loses more kinetic energy in moving a given distance 
normal to the electrodes during the return trip, and so comes to 
rest before it reaches the cathode. Since it would still have 
had energy at this point if the anode voltage had been constant, 
it must have delivered energy to the source of alternating volt- 
age. The electron can continue to oscillate back and forth with 
decreasing amplitude and to deliver energy to the source of al- 
ternating plate voltage until it comes to rest at a point between 
the anode and the cathode or leaves the interelectrode space as 
the result of its sideward motion. In a similar manner, all 
electrons that leave the cathode during the portion of the cycles 
when the plate voltage is rising take energy from the source of 
alternating voltage, but strike the plate at the end of the first 
outward trip or the cathode at the end of the first return trip, 
and so cannot make more than one round trip. All electrons that 
leave while the plate voltage is decreasing, however, may make 
many excursions, during each of which they deliver energy to the 
source of alternating plate voltage. Since the rate at which 
electrons leave the cathode on the average is constant, the 
source of alternating voltage gains more energy than it loses. 

If the alternating voltage is supplied by an oscillatory circuit, 
sustained oscillations are produced if the energy gained by the 
circuit as the result of the motion of electrons exceeds the 
energy lost in the circuit. An analysis similar to that made in 
Sec. 10-5 (Figs. 10-9 and 10-10) shows that the motion of the 
electrons results in the production of an effective negative 
resistance between the plate and the cathode. ‘ 

The behavior of electrons in a cylindrical magnetron os- 
cillator is similar to that in the parallel-plate magnetron os- 
cillator. Without alternating plate voltage the paths are of 
the form of curve c of Fig. 10-14. Electrons that take energy 
from the source of alternating voltage strike the plate at the 
end of the first outward trip, or the cathode upon their return. 
Electrons that deliver energy to the source of alternating volt- 
age, however, make many oscillations of decreasing amplitude, 
during which they precess about the filament as shown in Fig. 
10-19. 

In each successive cycle of oscillation of an electron 
that gives up energy, the distance through which it moves de- 
creases, and the transit time goes down. The oscillation of the 
electron therefore advances in phase relative to the alternating 
plate voltage. The shift in phase eventually becomes great 
enough so that the electron no longer delivers energy to the 
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source of alternating voltage, and may start 
absorbing energy.~* If the electrons remain 
in the interelectrode space long enough, they 
will absorb as much or more energy than they 
delivered to the source of voltage. In the 
paralliel-plate magnetron the sideward motion 
of the electrons carries them out of the in- 
terelectrode space before the phase shift be- 
| comes great enough to be objectionable. In 
Fic. 10-19. Motion the cylindrical magnetron, however, the elec- 
of an electron that trons continue to precess about the filament 
i ere unless some means is provided for removing 
ing plate voltage. electrons before they start absorbing energy. 
-One method of removing the electrons is by 
tilting the magnetic field at an angle to the filament, so that 
the electrons have a component of motion parallel to the fila- 
ment. The optimum angle is quite critical, since it is neces- 
Sary to remove the electrons before they start absorbing energy, 
but not before they have delivered at least a large portion of 
their energy to the source of alternating voltage. The angle 
must be changed with plate voltage. The electrons may also be 


removed by means of end plates, shown in Fig. 10-20, which are 
maintained at a potential somewhat 


lower than that of the anode. 

Since the best end-plate voltage 

is found to be proportional to 
anode voltage, the correct voltage 
may be readily maintained by the 
use of a voltage divider across the 
source of anode voltage. It should 
be noted that end plates must be 
used even if the field is tilted, 
Since otherwise the electrons that 
leave the interelectrode space 
strike the tube wall and may cause 
sufficient heating to melt the glass. When the field is tilted, 
the end plates may be connected to the filament. Brillouin has 
Shown mathematically that the cylindrical magnetron acts like a 
negative resistance when the frequency of the alternating plate 
voltage is equal to or nearly equal to the transit frequency fy, 
at which electrons move from the cathode to the vicinity of the 


Fig. 10-20. Electrode structure of cy- 
lindrical magnetron with end plates. 


21. A similar effect would result without this shift in phase, since an elec- 
tron that remained in the interelectrode space would eventually come to 
rest and would then start oscillating in opposite phase with increasing 
amplitude and thus absorb energy from the source of alternating voltage. 
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plate and back. This frequency is equal toV2 times the fre- 
quency at which the electrons piecess about the filament. By 
application of eq. (10-9) the transit frequency is found to be 


., aN eats 8.84 x 10° B= 1.98 x 10° B_— eps (10-13) 


Sustained oscillations may take place when the frequency of the 
resonant circuit has values equal or nearly equal to ft. The 
corresponding wavelength is 


At = c/ft = 3 x 107°/1.98 x 10° B.= 15,160/8 ...cm (iG 


Brillouin has also shown that the tube may act like a negative 
resistance in other ranges of frequency above and below fy. Sus- 
tained oscillations may take place when the frequency of oscil- 
lation of the circuit lies within these ranges if the circuit 
losses are not too great. The magnitudes of negative resistance 
in these ranges are, however, such that the criterion for sus- 
tained oscillation is not likely to be satisfied in practical 
circuits. The observed frequency of oscillation is therefore 
ordinarily that given by eq. (10-13). 


10-13. Split-plate Transit-time Magnetron-- The action 
of the segmented-plate magnetron in producing transit-time os- 
cillations differs somewhat from that of the cylindrical plate 
type, although the mechanism of energy transfer is similar. 
Figure 10-14d shows the motion of electrons when the plate volt- 
ages are equal and constant and the magnetic field is apprecia- 
bly above the cutoff value. In addition to oscillating, the 
electrons precess about the filament with an angular velocity 
given by eq. (10-9). The electric field resulting from a dif- 

ference in potential between the two anode 
segments is of the form shown in Fig. 10-el. 
is It can be seen that this field may. either 
increase or decrease tne angular velocity 
of an electron, depending upon the angular 
position of the electron. If an alternat- 
ing voltage of period equal to the time 
taken for an electron to move once around 
the filament is impressed between the anode 
segments, the direction of the field re- 
+ verses twice in each revolution of the elec- 
tron about the filament. Consequently, 
field result from poten- electrons that pass the gaps at the instants 
tial difference between at which the fields reverse will experience 
plate segments. continuous angular acceleration or decelera- 
tion. Electrons that are accelerated gain 
energy from the source of alternating voltage. 


Fic. 10-21. Electric 


ULTRA-HIGH-FREQUENCY GENERATORS 21 
$$ EEEERRERUENCY GENERATORS ET 


The increase in their angular velocity produces an increased con- 
ponent of force toward the filament, and so these electrons en- 
ter the filament after one excursion. Electrons that are de- 
celerated, on the other hand, deliver energy to the source of 
alternating voltage. Their decrease in angular velocity reduces 
the average force toward the filament, and so they drift toward 
the plate, as shown in Fig. 10-22. Since they may make many 
radial oscillations before striking the plate, whereas the elec- 
trons. that gain energy can make only one excursion, the source 
of alternating voltage gains energy. Sustained oscillation 
may take place if the alternating voltage impressed between the 
plate segments is furnished by an oscillatory circuit of suffi- 
clently low dissipation. A similar result is attained by the 
use of four plate segments~* connected as in Fig. 10-23. 


Fic. 10-22. Motion of an elec- 

tron that delivers energy to a fe) 
source of alternating poten- 

tial between magnetron plate 

segments. 


Fic. 10-23. Four-sector magnetron. 


The oscillations in the two circuits are 90 degrees out of phase 
and the resulting voltages between the Segments produce a rotat- 
ing electric field. Oscillations of this type may also be pro- 
duced by the use of a cylindrical anode and segmented end plates, 
between which the oscillatory circuits are connected.=* 


ee ee ee 

ee. Experiments by Linder, Proc. I.R.E. 26, 346 March (1938 ), have shown that 
electrons average 80 to 100 excursions, 

23. Yagi, H., Proc. I.R.E. 16, 715 (1928). For additional bibliography see 


G.C. Kilgore, Jour. App. Physics, 8, 666 Oct. (1937). 
2h. Okabe, K., Proc. I.R.E., 27, 24 Jan. (1939). 
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10-14. Practical Considerations in the Design and Use 
of Magnetrons.- Equation (10-13) shows that the flux density re- 
quired for the operation of a transit-time magnetron increases 
with frequency. Since the tube must be operated in the vicinity 
of plate-current cutoff, it follows from eq. (10-12) that a high 
ratio of plate voltage to plate diameter must be used at high 
frequencies. The optimum plate diameter has been found to be 
about 1/20 of the wavelength, and the useful frequency range for 
a given diameter about 2 to 1. In order to minimize circuit 
losses and to make possible a high circuit frequency, interelec- 
trode capacitances must be kept small by the use of short plate 
length. Limitation of plate area reduces plate dissipation, 
however, and thereby limits the power that can be generated. 
Great improvement in this respect can be obtained by the use of 
the "anode tank circuit" structure illustrated in Fig. 10-24. 
In this type of tube the two segments of the plate are joined at 
one end and hence form a portion of a Lecher wire system, closed 
at both ends, of lengthaA/2. In this manner lumped capacitance 
is avoided. Linder has found that when the load impedance is 
properly chosen, interelectrode capacitance has no effect upon 
the frequency of oscillation of an anode-tank-circuit magnetron. 
He reported that a tube with an anode as large as 1.7 cm in di- 
ameter and 2.3 cm long was made to oscillate at 9 cm, and that 
an output of 20 watts at 
an efficiency of 22 per 
cent is obtainable at a 
wavelength of 8 cm. 

Figure 10-25 shows 
the design of a typical 
transit-time magnetron 
with positive end plates. 
It should be noted that 
the oscillating circuit 
consists of a Lecher wire 
system with a short- 

Fic. 10-24. Plate structure of anode-tank-cir- circuiting bridge at the 

cult magnetron. first voltage node. In 

order to make the fre- 

quency high, this bridge is placed very close to the plates. 
The Lecher wire system as a whole must, of course, be tuned, 
and the output may be taken from the circuit by coupling to the 
Lecher wire. Transit-time magnetron oscillators will oscillate 
with circuits having considerably lower resonant impedance than 
negative-resistance magnetron oscillators, and require much 
lower magnetic field strength. Outputs of the order of 2.5 
watts at an efficiency of 12 per cent at a wavelength of 9 cm 
were reported by Linder in 1936. Tubes of more recent design 
are capable of delivering considerably higher outputs. 


25. Linder, E. G. Proc. I.R.E., 27, 732 Nov. (1939). 
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Transit-time magnetrons have been made to oscillate at wave- 


lengths as short as 6 millimeters. 7?® 


To end-plate 
voltage supply 


To plate voltage 
supply 


(a) 


ceed piece 
b) 


( 


Fic. 10-25. (a) Structure of end plate mag- 
netron. (b) Method of applying magnetic 
field. 


low current. 


In order to obtain 
Stable oscillations of con- 
Stant frequency with tran- 
Sit-time magnetrons it is 
necessary to use well- 
regulated voltage supplies 
and very constant magnetic 
field. Because small 
changes in filament cur- 
rent can start and stop 
oscillation, probably be- 
cause of changes in space 
charge, the filament cur- 
rent must also be maintained 
constant. Unfortunately 
the literature appears to 
abound with an absence of 
design information for 
magnets suitable for use 
with magnetrons. One dif- 
ficulty likely to be en- 
countered is the change of 
resistance of the field 
coils as they warm up, with 
resulting change in current. 
This difficulty can be 
avoided by the use of elec- 
tromagnets designed to op- 
erate at high voltage and 


By means of a current regulator of the type de- 


scribed in Sec. 2-22, it is then possible to maintain constant 


flux density. 


Permanent magnets are now available that are cap- 


able of providing the required flux, which may be adjusted by 


means of a magnetic shunt. 


It has been found possible to obtain 


sufficient frequency stability so that an audible beat note was 

obtained between two oscillators operating above 1000 megacycles.” 
Another problem encountered in the use of transit-time 

magnetrons results from a cumulative increase of plate current 


and rise in filament and plate temperature. 


This phenomenon un- 


doubtedly results from the bombardment of the cathode by elec- 


trons that return to the cathode with excess energy. 


There 


26. Cleeton, C.E., and N.H. Williams, Phys. Rev., 40, 234 (1934); Cleeton, 
C.E., Physics, 6, 207 (1935); Cleeton, C.E. and Williams, N.H., Phys. 


Rev. 50, 1091 (1936). 


27. Megaw, E.C.S., G.E.C. (London) vol. 7, May (1936). 
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appear to be two probable ways in which electrons can acquire 
excess energy. The first discussed in Sec. 10-10, is the con- 
version of some of the energy of orbital motion into energy of 
random motion as the result of collisions between electrons. 
This effect is present even when the tube is not oscillating. 
The second is the transfer of energy from the source of alternat- 
ing plate voltage to those electrons which leave the cathode (or 
virtual cathode) at the wrong time in the cycle of alternating 
voltage. This effect is present in all transit-time magnetron 
oscillators. The rise in filament temperature may increase the 
number of electrons moving in the interelectrode space and thus 
increase the plate current and also result in further bombard- 
ment of the cathode and increase of filament temperature. Un- 
fortunately, it is found that this action is most likely to oc- 
cur: when the circuit is adjusted so as to give highest output. 
Once started, the cumulative action takes place so rapidly that, 
unless adequate protective measures are taken, the filament 
burns out before any circuit adjustments can be made. For this 
reason it is necessary to make use of a control circuit that 
lowers either the filament current or the plate voltage when 
the plate current rises. A control circuit that lowers the 
anode voltage was discussed in Sec. 2-22. Figure 10-26 shows a 
thyratron phase-control circuit that lowers the filament cur- 
rent. 


110-700 volt 
40-watt power 
transformer 


Stancor type A-102C 
input transformer 


Filament 
transformer 


| 


To magnetron 
filament 
Sec. 


79 or 


—<_ 
From 
magnetron 


plate circuit 


Fic. 10-26. Filament-current stabilizer for magnetron. 


1015, Cavity Resonators.- In Sec. 10-2 it was pointed 
out that the efficiency of an ultra-high-frequency oscillator 
using a Lecher wire system can be raised and the upper frequency ~ 
limit increased by placing the tube elements at the center of a 
half-wave Lecher wire resonator instead of at the end of a 
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quarter-wave resonator. Because the two halves of the half-wave 
system are in effect in parallel, the RI* losses due to charging 
currents are reduced. This suggests that considerable reduction 
in dissipation should be effected by using a large number of 
quarter-wave lecher wires in parallel. The various loops may 
be arranged over the surface of revolution generated by rotation 
of a quarter-wave loop about an axis in the plane of the loop at 
the open end, as shown in Fig. 10-27. If the number of loops is 
increased sufficiently, the circuit eventually becomes a closed 
chamber the boundaries of which conform to the surface of revo- 
lution generated by rotation of one loop.” The electromagnetic 
fields are then confined to the inside of the chamber. This is 
&@ distinct advantage, since it prevents energy loss caused by 
radiation, and changes of resonance fre- 
quency caused by body capacitance. Be- 
cause it is usually not convenient to 
place the elements: of an electron tube 
within such a cavity resonator, confine- 
ment of the electromagnetic fields to the 
inside of the cavity makes it necessary 
to employ special methods of delivering 
and removing energy from the resonator. 
This may be accomplished by shooting 
electrons through the resonator at a 
Fic. 10-27. Quarter-wave point where the electric field strength 
resonators connected in is high, by inserting a probe (small an- 
parallel. tenna) into the chamber at a point where 
the electric field strength is high, or 
by introducing a small conducting loop into the chamber at a 
point where the magnetic field strength is high. The probe or 
loop is connected to a concentric cable with the aid of a suita- 
ble impedance-matching device. 
~The subject of cavity resonators may also be approached 
from the point-of-view of wave guides, to be discussed in Ch. 14. 
In that chapter it will be shown that electromagnetic radiation 
may be propagated through a conducting pipe. If one end of such 
@ wave guide is closed by a wall of high conductivity, the elec- 
tromagnetic waves are reflected by this wall. The phase of the 
electric field is reversed on reflection, whereas the phase of 
the magnetic field is not changed. If the conductivity of the 
wall is high, the amplitudes of the oncoming and reflected waves 
are nearly equal. Since the incident and reflected waves travel 
with the same velocity, the electric fields of the direct and re- 
flected waves reinforce each other at distances from the reflec- 
tor equal to (2n - 1)Ag/4, where n is an integer and A, is the 
wavelength in the guide, and cancel at distances equal tonAg/2. 
There are, therefore, loops and nodes of electric field spaced a 
quarter of a wavelength apart. Inasmuch as there is negligible 


28. This introductory picture of transition from wire circuits to resonators 
is meant for illustrative purposes only and is not intended to be rigor- 
ous. The reader will recognize obvious deficiencies, such as ignoring 
mutual impedance between the wire circuits, etc. 
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potential difference in the reflector if its conductivity is 
high, the electric field is also negligible at the reflecting 
surface. The magnetic field, on the other hand, has maximum 
amplitude at the reflecting surface and at distances equal to 
/2 from the reflector, and minimum amplitude at distances 
(2n - 1)Ag/4. A second reflecting surface may be added at any 
nodal point of the electric field without changing the general 
form of the standing waves. Then, if the point at which the 
energy is introduced into the guide lies between the two reflect- 
ing surfaces, standing waves of constant amplitude will con- 
tinue to exist. Apparently, the shortest resonator that can be 
made in this manner will have a length equal to one-half the 
wavelength within the guide. Since the loses increase with 
guide length, this half-wave resonator will have lower loss than 
any whose length is equal to a larger number of half wave- 
lengths. But, as will be made clear later, the effect of chang- 
ing volume causes the value of Q to be lower too. Because the 
velocity of propagation of radiation within the guide is higher 
than that in free space, the wavelength within the guide is 
greater than that in free space. A resonator whose length may 
be arbitrarily small compared to the free space wavelength may 
be obtained by operating a closed guide at one of its critical 
frequencies. 

In general, any closed chamber whose walls have high con- 
ductivity may serve as a cavity resonator. Because the wave en- 
ergy may be propagated in more than one direction and because, 
as already pointed out, the standing waves may have one or more 
loops, such resonators may in general oscillate in a large num- 
ber of "modes." Cavity resonators suitable for use in the gen- 
erators of oscillations are of relatively simple form, and are 
usually used in the lowest-frequency, or fundamental, mode of 
oscillation. Although they have been used in other types of 
oscillators, cavity resonators have found their principle appli- 
cation in "velocity-modulation" tubes such as the klystron, to 
be described in a succeeding section. 

Figure 10-28 shows the forms and distribution of the 
electric and magnetic fields within a cylindrical resonator os- 
cillating in its fundamental mode with the electric field E 
parallel to the axis. Electric currents flow in the wall of the 
cylinder as shown, and charges are stored in the top and bottom 
faces. If the wall were a perfect conductor, the currents would 
flow entirely on the inner surface of the wall, and there would 
be no penetration into the wall. With finite conductivity, how- 
ever, the energy and currents may be shown to penetrate into the 
wall. 

In computations of energy loss a useful factor is the 
so-called "skin depth," 6, which is equal to\p/f /n, where 
pis the resistivity and f is the frequency. It should be noted 
that the distance to which currents penetrate into the conductor 
is not sharply defined and though it is often measured by 4, 
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serious errors may sometimes re- 
sult from assuming that the skin 
depth is the depth of current 
penetration. 


10-16. Characteristics 
of Cavity Resonators. - The 
characteristics of a parallel 
resonant circuit with lumped con- 
stants are fully determined by 
the three lumped parameters, the 
inductance L, the capacitance OC, 
and the resistance R in series 
with the inductance. Since cav- 


OTTO LOLS ae ee, 
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Be ity resonators do not have lumped 
parameters, it is necessary to 
E B set up somewhat arbitrary defi- 

(a) (b) nitions of equivalent parameters 


Fic. 10-28. Charge, currents, and field eae ea 
distribution in cylindrical cavity res- tive merits of cavity resonators 


onator (a) at instant of maximumelec- Of various shapes and to compare 

tric field, and (b) one-quarter cycle them with conventional resonant 

later: circuits. Although it is possi- 

ble to define equivalent values 

of inductance, capacitance, and resistance, it is more useful 
to define, instead, three quantities that are important in spe- 
cifying the performance of conventional resonant circuits. These 
three quantities are the resonance frequency, 1/en\VLC; the cir- 
cuit Q, wL/R, which is indicative of the selectivity of the cir- 
cuit; and the anti-resonance, or equivalent shunt impedance, 
L/RC, which enters into the criterion for oscillation (see, for 
instance, Sec. 4-29). Since these three quantities all involve 
the three basic circuit parameters, the circuit is specified as 
completely by these quantities as by the basic circuit parame- 
ters. It is desirable to specify the characteristics of a cav- 
ity resonator by means of analagous quantities. 

It is shown in Ch. 1 that the Q of a conventional paral- 
lel resonant circuit, wL/R, is equal to 2n times the ratio of 
the peak value of the energy stored in the electric or magnetic 
field to the energy dissipated per half cycle at resonance. 

The ratio of the energy stored in a cavity resonator to the en- 
ergy lost per half cycle is a suitable indication of the equiva- 
lent Q. Since the electric field is zero at the instant when 
the magnetic field is a maximum, the stored energy may be calcu- 
lated as the energy of the magnetic field alone within the cav- 
ity at the instant this field is a maximum. 


29. Hansen, W.W., Jour. App. Physics, 9, 654 Oct. (1938), 
Hansen, W.W., and Richtmyer, R.D., Jour. App. Physics, 10, 189 March 
(1939). 
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The energy lost may be assumed to be equal to the energy 
that penetrates°®° into the "skin." The energy in emu stored in 
a magnetic field is equal to p/8n times the integral of B* 
throughout the space in which the field exists. On the basis 
of these facts and the further fact that 5 >> A, Hansen has de- 
fined Q for a cavity resonator by the following equation: 


2 2 
‘: apes Bi Gv aa ee a ee 
: § faurr. B dS 4 surf. ds & 0 


in which dt is an element of volume, dS an element of the sur- 
face of the cavity, A’ the wavelength in free space, 5 the skin 
depth, B the magnetic flux density at the instant at which the 
electric field intensity E is zero. The product 6dS may be con- 
Sidered an element of volume of the conductor at its surface. 
The numerator is an integral throughout the volume of the cavity 
and the denominator integral is an integral over the surface of 
the conductor bounding the cavity. 


The quantity i womvis dy 
fourt. B°ds 

is substantially the ratio of a volume to the surface enclosing 
it and is therefore proportional to a linear dimension of the 
cavity. For example, if the radius a of the circular cylinder 
Shown in Table 10-I were doubled, the volume of the cavity would 
be quadrupled, the surface of the enclosing area doubled (except 
for the surfaces at the ends of the cylinder) and, speaking 
roughly, (10-16) would be doubled provided B changed in such a 
way that its effect on the two integrals was practically the 
same (which is an approximation to fact). Hence (10-16) is 
therefore proportional to a linear dimension of the cavity. 
Since the wavelength to which the cavity resonates is also pro- 
portional to a linear dimension of the cavity (see Table 10-I) 
the first factor in the second form of eq. (10-15) is to a first 
approximation independent of wavelength, but characteristic of 
the shape of the cavity. It is evident from the form of this 
ratio that in order to have a high value of Q a cavity should 
have a high ratio of volume to surface. Since the skin depth 6 
is proportional to the square root of the wavelength, the sec- 
ond factor of eq. (10-15) shows that, for a cavity of given 
shape, Q varies as the square root of the wavelength. Since 6 
also varies as the square root of the resistivity, Q decreases 
with increase of resistivity. 

The equivalent shunt or input impedance L/RC of a con- 
ventional parallel resonant circuit is a resistance which, when 


(10-16) 


30. This assumption is based on the thesis that most of the energy entering 
the conductor is dissipated, and does not return to the cavity. 
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divided into the square of the effective voltage across the cir- 
cuit, gives the power loss of the circuit. In a cavity resonator 
a quantity analagous to the voltage across a parallel circuit is 
the line integral of the electric field along a path parallel to 
the electric field in the plane or line in which the field is 
greatest, which is equal to the time rate of change of the total 
magnetic flux through the loop formed by the path. | The equiva- 
lent shunt impedance of a cavity resonator may, therefore, be 
defined as the resistance which when divided into the square of 
this line integral gives the power dissipated in the cavity. 

The following depression for Re is based upon this definition:*%* 


wt. .as]* § 


—— Bas 
Re cT surf. 


aed ver ieee 
ee Ae ae aero eo 


*Foure, B AS EF 


in which c is the velocity of light. (The dot in the integrand 
in the numerator of eq. (10-17) indicates that the element of 
surface is multiplied by the component of flux density B normal 
to the surface.) Table 10-I lists formulas for A, Q, and Re for 
five types of cavities, and numerical values of Q and R,. for 
copper resonators resonant at a fundamental wavelength of 10 cm. 

It should be noted that the harmonic frequencies at 
which cavities resonate do not in general have integral ratios 
to the fundamental frequencies. It is probably also well to 
mention that formulas for A, Q, and Re can be derived only for 
cavities of relatively simple shape. These quantities can, 
however, be determined experimentally for more complicated 
shapes. 


or Re = (10-17) 


10-17, Velocity-modulation Tubes.- The operation of all 
transit-time tubes is based upon the transfer of energy from 
moving electrons to a source of alternating voltage by the ac- 
tion of an electric field produced by the alternating voltage. 
In order for such a tube to be capable of acting as an amplifier 
or oscillator, it is necessary that the energy delivered by the 
electrons shall on the average exceed the energy absorbed by 
electrons from the alternating voltage source. Since electrons 
depart from an electron emitter at random intervals, the elec- 
trons in a normal space current or beam of cathode rays are just 
as likely to pass through the field at such a time that they 
gain energy as at such a time that they lose energy. Hence some 
special means must be provided in order to make the energy 


31. See Ch. 12, where this and many other relations used in this section are 
developed. 

32. Hansen and Richtmyer, loc. cit. The integral in[] in (10-17) is taken 
over only the surface on one side of the loop. 
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delivered to the field exceed the energy taken from the field. 

In Sections 10-5 and 10-12 it was shown that this is accomplished 
in the positive-grid oscillator and the magnetron by removing 
from the space all electrons that gain energy. The mechanism is 
such, however, that the electrons must gain energy before they 
can be removed from the space. The increase of energy of elec- 
trons before removal from the space is undesirable for a number 
of reasons, the most obvious of which is the reduction of effi- 
ciency of the device. The energy gained by the electrons before 


their removal appears at one or more electrodes and causes a rise . 


in temperature which, in magnetrons, may become cumulative and 
which limits the power that can be delivered by the tube. Since 
such a device can cause sustained oscillation only when the pow- 
er delivered to the oscillating circuit exceeds the power dissi- 
pated by the circuit, the fact that some electrons take energy 
from the oscillating circuit increases the required Q of the 
oscillatory circuit and reduces the frequency limit of oscilla- 
tion attainable with a given circuit. Furthermore, the fact that 
no more than 50 per cent of the electrons emitted from the cath- 
ode can deliver energy to the oscillatory circuit or other source 
of alternating voltage means that the emission current is used 
inefficiently. These objectionable effects are minimized in 
velocity-modulation tubes by making most of the electrons pass 
through the electric field at such times that they deliver en- 
ergy to the source of the alternating electric field. This is 
accomplished by speeding up the electrons that would normally 
pass through the field too late and slowing down the electrons 
that would normally pass through the field too soon. 


10-18. The Klystron.- One type of velocity-modulation 
tube is the klystron, developed by the Varian brothers. °° In 
this tube the velocity of the electrons is changed in the desired 
manner by sending them through a cavity resonator in a direction 
parallel to the electric field. If the time taken for an elec- 
tron to pass through the resonator is too great, the field may 
reverse while the electron passes through and thus result in 
less change of velocity than if the transit time were shorter. 
For this reason the time taken for an electron to pass through 
the resonator is made appreciably less than half the period of 
oscillation of the resonator. Although it is possible to make 
h (see Table 10-I) small in a cavity resonator in the shape of 
&@ square prism or a circular cylinder, and thus to make the path 
along the electric field short, the resulting low ratio of vol- 
ume to area makes Q too low. Higher values of Q can be obtained 
by the use of resonators of the shapes shown in the fifth column 
of Table 10-I or of the shape shown in Fig. 10-29, which is a 


33. Varian, R.H., and Varian, S.F., Jour. App. Physics, 10, 321 May (1939). 
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modification of the shape shown in the fourth column of Table 
10-I. The constricted portion of the resonator is made in the 
form of grids in order that electrons may enter and leave the 
resonator. To minimize losses, the conductivity of those grids 
must be high. The change in velocity of the electrons in pass- 
ing through the resonator causes them to arrive at certain points 
beyond in groups or "bunches." For this reason the resonator is 
called a "buncher." If the electrons are allowed to pass through 
a@ second cavity resonator so placed 
that the electrons pass through in 
groups, and if the resonator oscil- 
lates in such phase that the field 
retards the electrons, energy will 
be delivered to this resonator. 
This energy will be greatest if 
the electric field is a maximum 
when the center of the group of 
electrons passes through the center 
of the resonator and if the field 
is just strong enough to bring the 
Slowest electrons to rest at the 
farther wall of the resonator. If 
Fic. 10-29. Type of cavity resonator the field is stronger than this, 
(rhumbatron) used in klystron. Some electrons will acquire a ve- 
locity in the reverse direction 
within the resonator and will thus again take energy from the 
resonator. The second resonator is called the "catcher." Elec- 
trons that pass through the catcher may strike a collector from 
which they are returned to the cathode through an external cir- 
cuit. In some types of klystrons, electrons that emerge from 
the catcher pass through a grid into a field-free chamber formed 
by an "end cap" attached to the catcher. The essential structure 
of collector and end-cap type klystrons is shown in Figs. 10-30a 
and 10-30b. The first grid, which is operated at a relatively 
low positive voltage, serves both as a control electrode to vary 
the beam current, and as a focusing electrode. 


Cavity Resonator 


10-19. Theory of Electron Bunching.- The manner in which 
the buncher produces groups of electrons can be understood by 
considering the motion of individual electrons. An electron that 
passes the center of the buncher, just as the electric field is 
changing from retarding to accelerating, leaves the buncher with 
the same velocity with which it entered. An electron that passed 
the center a few electrical degrees earlier leaves with reduced 
Speed, whereas one that passes a few electrical degrees later 
leaves with increased speed. If the space beyond the buncher is 
field-free, the differences of speed cause the electrons ahead 
of and behind the one with unchanged speed to draw nearer to it. 
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Field-free 
space 


Buncher 


Collector 
Coupling loop 
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Fic. 10-30. Essential structure of klystrons. 


Another electron of un- 
changed speed that leaves 
the buncher a half cycle 
later has its neighbors 
draw away from it. Conse- 
quently, at a suitable dis- 
tance from the third grid 
the stream contains groups 
of electrons denser than 
the stream at the entrance 
to the buncher, separated 
by regions of lower density. 
The action of the buncher 
can also be shown graphic- 
ally by means of the "ap- 
plegate diagram" of Fig. 
10-31. In this diagram 
the lines indicate the po- 
sitions of individual elec- 


trons as a function of time, the slopes being proportional to 
the electron velocities. The buncher is assumed to be of 


Distance from Buncher<—, 


- Center of Buncher 


Fic. 10-81. Applegate Diagram. 


334 ULTRA-HIGH-FREQUENCY TECHNIQUES 


negligible length. The lines are drawn under the assumption that 
the electron velocities are ell equal before the electrons pass 
through the buncher, that the electrons pass the buncher at equal 
intervals, and that the change in velocity of an electron in the 
buncher is vi Sin 2ntft, where v, is the greatest change in ve- 
locity experienced by any electron, f is the frequency of the 
alternating fteld in the buncher and t is the time at which the 
electron passes the center of the buncher* It can be seen 

that along the dotted line indicating the position of the catcher 
the lines are close together once in each cycle and widely sepa- 
rated at intermediate times. This indicates that most of the 
electrons arrive at the catcher in groups. Extension of the lines 
of Fig. 10-31 shows that there are other positions, farther from 
the buncher, at which electrons arrive in groups. It should be 
pointed out that Fig. 10-31 neglects the mutual repulsion of 
electrons, which tends to produce "debunching" or spreading apart 
of the electrons in the bunches. 

In practice, the change in velocity of electrons in the 
buncher is small in comparison with the initial velocity given 
the electrons by the direct voltage impressed between the cathode 
and the buncher. Hence, practically equal numbers of electrons 
approach and leave the buncher at all times, and currents induced 
in the buncher by approaching electrons are offset by currents 
of opposite sign induced by departing electrons. For this rea- 
son the external circuit current to the buncher and the power 
loss in the buncher are small. The small power loss may also 
be explained by the fact that energy given to electrons in one- 
half of the cycle is offset by an equal amount of energy taken 
from electrons during the other half cycle. 

A mathematical analysis of bunching has been made by 
Webster.°> In the course of this analysis the assumption is 
made that all electrons leaving the buncher in a certain time 
interval will arrive at the catcher during another time interval 
and that no other electrons will arrive at the catcher during 
the latter interval. Because of the fact that the more rapidly 
moving electrons may overtake and pass the more slowly moving 
electrons, this assumption does not appear to be justifiable, 
particularly since it leads to an expression for electron cur- 
rent at the catcher which may be negative during portions of the 
cycle when the distance s to the catcher is large. This analysis, 
a graphical analysis based on Fig. 10-31, and experiments on 
klystrons indicate, however, that at a certain distance from the 


34. Actually the kinetic energy, rather than the velocity, varies sinusoidal- 
ly. If the change in velocity is small in comparison with the initial 
velocity, however, the variation of velocity is very nearly sinusoidal. 

35. Webster, D.L., Jour. App. Physics, 10, 501, 864 July and Dec. (1939). 
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buncher the wave of current is sharply peaked, and that beyond 
this point the current wave is doubly peaked, and broader. Since 
the current wave is periodic, it may be expanded in a Fourier 
series. The current wave therefore contains harmonics. This 
fact indicates that the catcher should take energy from the elec- 
tron stream if it oscillates at a harmonic of the frequency of 
the buncher, provided that the relative phase of the two oscil- 
lations is correct. Ordinarily the buncher and the catcher are 
Similar and are tuned to resonate at the same frequency; but, 

in a frequency multiplier type of klystron the catcher is tuned 
to some harmonic of the buncher frequency. 

In order that an electron shall give up the greatest 
amount of energy to the catcher, it is necessary that the elec- 
tron shall arrive at the center of the catcher at the instant 
when the electric field at the center of the catcher has its 
maximum negative (retarding) value. Similarly, in order for a 
Symmetrical group of electrons to deliver as much energy as pos- 
sible, the center of the group must arrive at the center of the 
catcher when the catcher field has its maximum negative value. 
Since the electron at the center of the group is the one that 
passed the center of the buncher at the instant when the buncher 
field was changing from negative to positive, the time s/vo re- 
Quired by this electron to move through the distance s from the 
center of the buncher to the center of the catcher must be equal 
to the time interval between the zero value of the buncher field 
and a negative maximum of the catcher field, as shown in Fig. 10- 
_3e. From this figure it can be seen that for maximum energy 
transfer the catcher field must lag the burcher field by the 


Buncher field 


Center of 
Buncher 


Center of 
Catcher 


Fic. 10-32. Phase relation between buncher and catcher fields. 
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where T is the period of the field and n is any integer. The 
phase angle of the catcher field, relative to the buncher field 
is, therefore, 


- (ws/vo + "/2) + Onn 
enn - (2nsc/Avo + 1/2) (10-18) 


in which c is the velocity of light, A is the wavelength corre- 
sponding to the resonator frequency, and n is an integer. (w 
= 2nc/A) 

Up to this point nothing has been said regarding the 
means by which the catcher is kept in oscillation. The motion 
of an electron through a cavity resonator sets up an electromag- 
netic field within the resonator. In a klystron the electrons 
pass through the catcher in bunches, and so the fields resulting 
from individual electrons will, for the most part, reinforce 
each other and thus produce a resultant field of appreciable 
magnitude. Because the bunches pass through the catcher at 
time intervals equal to the natural period of oscillation of the 
catcher, the catcher is set into oscillation. Since the ampli- 
tude of oscillation can build up only if the catcher gains en- 
ergy, the oscillation automatically tends to assume the proper 
phase relative to the cycle of arrival of electron bunches to 
result in maximum transfer of energy from the electrons to the 
catcher. 

A series of diagrams similar to that of Fig. 10-31, con- 
structed for various values of initial velocity v,, frequency f, 
and maximum change in velocity vi, shows that the distance from 
the center of the buncher at which best bunching is obtained in- 
creases with increase of vo, with decrease of v,, and with de- 
crease of f. For this reason, in a klystron operated at a given 
frequency, an increase of accelerating voltage must be accom-- 
panied by an increase in buncher field strength for best bunch- 
ing in the plane of the catcher. 

Webster”’* and Condon®’ have shown that the maximum ef- 
ficiency theoretically obtainable in a klystron is 58 per cent. 


S 
NI 


10-20. Debunching.- Forces of repulsion between elec- 
trons, neglected in the foregoing discussion, cause the groups 
of electrons to spread out, and thus reduce the efficiency of 
energy transfer. This effect is greatest in tubes with dense 


36. Webster, D.L., Jour. App. Physics, 10, 501 July (1939). 
37. Condon, E.U., Jour. App. Physics, 11, 502 July (1940). 
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electron beams operating at relatively low frequencies and neces- 
Sitates the use of somewhat higher buncher field than would be 
required for best operation without debunching.?® 


10-21. The Klystron Oscillator.- In using the klystron 
as an oscillator, the buncher is kept in oscillation by feeding 
back to the buncher some of the energy delivered to the catcher 
by electrons. Equation (10-18) shows that the energy delivered 
to the catcher is greatest when the phase of oscillation of the 
catcher relative to the buncher has certain values. The ampli- 
tude of oscillation is therefore greatest when the angular delay 
of the feedback circuit has the values given by eq. (10-18). 

If this angular delay time is represented by the symbol or, eq. 
(10-18) shows that maximum amplitude of oscillation obtains 
when the accelerating voltage is adjusted so that 


Bodies ae 
Bates mot arr ey 


Since eV = 1/2 mvo~, in which V is the potential difference be- 
tween the cathode and the buncher, c/vog = 500/\/V . Therefore 
a te at z = (10-20) 

Equation (10-20) indicates that there is a series of 
voltages at which the amplitude of oscillation is 4 maximum. 
There is, of course, a range of voltage about each of these val- 
ues throughout which sufficient energy is delivered to the catch- 
er to compensate for energy dissipated in the catcher and bunch- 
er or delivered to an external load. If the values of 500s/A 
Vv at which the amplitude is a maximum are plotted against n, 

n being unity for the highest voltage, 2 for the next voltage, 
etc., a series of points is obtained that should lie ona © 
straight line having unit slope and an intercept on the n-axis 
equal to (g¢/en + 1/4). Actually, it is usually found that the 
points lie on two parallel lines of unit slope. This is ex- 
plained by the fact that the coupling between the two resonators 
exceeds the critical value. The coupled resonators can then os- 
clllate at either of two frequencies, one of which lies above, 
and the other below, their natural frequency. 

According to eq. (10-20), if the angular delay gp of the 
coupling network between the two resonators remains constant, 
the condition necessary for most efficient absorption of energy 
by the catcher is obtained at definite values of voltage. This 
would indicate that a small change of accelerating voltage would 
produce a relatively large change in amplitude of oscillation 
and might cause oscillation to cease. It may be shown, however, 
that a change in the frequency of oscillation results ina 


38. Webster, D.L., Jour. App. Physics, 10, 864 Dec. (1939). 
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change in the delay angle of the coupling circuit. If the volt- 
age is changed by a small amount, therefore, the frequency of 
oscillation changes sufficiently so that equation (10-20) still 
holds. For this reason the circuit may oscillate over a rela- 
tively wide range of voltage, but the frequency of oscillation 
varies with accelerating voltage. Differentiation of eq. (10- 
20) gives the equation 


8p 500Ts 
ov ~ ave? (10-a 


For close coupling between the resonators, the change in » with 
frequency at one peak of the doubly-peaked resonance curve is 
given by the relation 


Pp = Q 3 
ar ra (10-22) 
Hence of Ome df _— 500nsf 
8V. 8V dope AQvs/? (10-23) 
and 
Af » 500ns A V (10-24) 
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In practical tubes the frequency variation turns out to be about 
10,000 cycles per volt at 10 cm for tight coupling, and about 
half as much when the coupling is reduced below the critical 
value. 

A typical diagram of connections for a klystron oscilla- 
tor is shown in Fig. 10-33. Because the positive side of the 


Grid voltage 
supply 


Coaxial 
feed-back line 


Fic. 10-33. Circuit diagram of klystron oscillator. 
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accelerating voltage is connected. to the exposed metal portions 
of the tube, the positive terminal of the voltage supply is 
grounded, and the cathode is at high negative potential. All 
transformers and power supplies must be insulated for 3000 volts 
direct voltage. For most applications requiring an accelerating 
voltage of 1000 volts or less, the grid voltage may be derived 
from the same supply as the accelerating voltage by the use of a 
voltage divider. For the sake of frequency stability, the volt- 
age supply should be well regulated. In order to prevent the 
flow of excessive grid current, the grid voltage should be ap- 
plied. The buncher and catcher are tuned mechanically to the 
desired frequency by changing the spacing between the grids (the 
constricted portion of the resonators through which the elec- 
trons pass). This can be accomplished by a single tuner, but 
before the tube will oscillate, the buncher and catcher must be 
tuned to the same frequency. Since oscillation is obtained over 
only small ranges of accelerating voltage, the values of which 
cannot be determined until the circuit oscillates, the initial 
tuning adjustment may prove to be laborious. The procedure can 
be greatly simplified by connecting in series with the direct 
accelerating voltage an alternating voltage of sufficient ampli- 
tude to insure that the resulting pulsating voltage will pass 
through one range in which oscillations will occur. The bunch- 
er is usually coupled to the catcher through a short length of 
concentric cable, as shown in Fig. 10-33. 

Figure 10-34 shows the essential form and circuit of a 
reflex klystron oscillator, in which a single resonator acts both 
as the buncher and the catcher. After the electrons pass through 
the resonator, their direction of motion is reversed by means of 
& negative electrode. By proper adjustment of voltages they can 
be made to pass through the resonator again at the proper time 
so that energy is delivered to the reso- 
nator. <A certain resemblance to a posi- 
tive grid triode oscillator may be recog- 
nized. 

A typical klystron, operating at 
an accelerating voltage of 3000 volts is 
capable of delivering an output of 10 
watts at wavelengths ranging from 9.5 
Gorvli.5) cn. 


10-22. Other Uses of Klystrons.- 
If the buncher of a klystron is driven 
by an external source of power of the 
proper frequency, and the electron beam 
Fic. 10-34. Circuit of re- current is high enough to deliver more 
flex klystron oscillator. energy to the catcher than is required 
to drive the buncher, the klystron 
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functions as an amplifier. About 15 per cent efficiency may be 
obtained in klystron power amplifiers, and a voltage amplifica- 
tion of 20 per stage at 10 cm is possible in voltage amplifiers. 
If the buncher is driven both by an external source and by addi- 
tional power fed back from the catcher, the klystron acts as a 
regenerative amplifier. 

When the klystron is provided with a grid between the 
catcher and the collector, the tube may be used as a detector. 
The grid is maintained slightly positive so that when no excita- 
tion is applied to the buncher most of the electrons emerging 
from the catcher strike the collector. Excitation of the bunch- 
er results in the building up of a field in the catcher, which 
slows down some of the electrons and thus reduces the collector 
current. The bias of the auxiliary grid can also be adjusted so 
that the collector current is increased when the buncher is ex- 
cited. Any other mechanism for sorting electrons according to 
velocity, such as a magnetic field at right angles to the elec- 
tron beam, may be used in place of the auxiliary grid. As indi- 
cated in Fig. 10-33, the grid between cathode and buncher may 
service as a modulator. 

Because of the variation of frequency with accelerating 
voltage, it is difficult to achieve linear amplitude modulation 
with klystrons. Frequency modulation may, however, be readily 
accomplished by introducing a small modulating voltage in the 
cathode circuit. 


10-23. The Haeff U-H-F Tube.- Figure 10-35 shows the 
essential structure and the circuit diagram of the Haeff ultra- 
high-frequency tube 2° iuivere klystron this tube makes use of 
a cavity resonator to take energy from the electron beam, but 
the flow of electrons is controlled by means of a grid, instead 
of a resonator, and requires appreciable driving power. The 
circuit of Fig. 10-35 shows the use of the tube as an amplifier, 
but if the grid is excited by output taken from the cavity reso- 
nator, sustained oscillations may be produced. At 450 megacycles 
Haeff reported an output of 110 watts at an efficiency of 55 per 
cent with an accelerating voltage of 6000 and a grid driving 
power of approximately 10 watts. 


10-24. Hahn-Metcalf Velocity-modulated Tube.- Hahn and 
Metcalf have described velocity-modulated tubes in which velocity 
modulation of the electron beam is accomplished by means of 
grids.*° In these tubes the velocity-modulation grid is pre- 
vented from affecting the number of electrons leaving the cath- 
ode by shielding the cathode from the grid. This may be 


39. Haeff, A.V., Electronics, February 1939; A.V. Haeff and L.S. Nergaard, 
Proc. I.R.E., 28, 126 March (1940). 
4O. Hahn, W.C., and Metcalf, G.F., Proc. I.R.E., 27, 106 Feb. (1939). 
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Fic. 10-85. Haeff U-H-F tube. 


accomplished by using between the cathode and the velocity- 
modulation grid an additional grid, the potential of which is 
fixed relative to the cathode. In experimental tubes described 
by Hahn and Metcalf the velocity-modulation grid takes the form 
of a small cylinder placed between shielding baffles, as shown 
in Fig. 10-37. Energy is taken from the bunched electron beam 
by means of an anode similar in form to the grid, having a di- 
rect component of voltage of 10 to 30 volts. The electrodes 
numbered 5, 7, 9, and 11 in Fig. 10-36 are focusing electrodes 
that prevent spreading of the electron beam. They are main- 
tained at a positive potential of about 30 volts relative to the 
cathode and operate in conjunction with the elements 2, 4, Oe 5, 
10, 12, and 14, which are at a positive potential of 300 yolts. 
The direct operating voltage of the grid is from 10 to 30° volts 
positive, and the voltage of the accelerating electrode 1 is 
about 60 volts. This tube is designed for use as an amplifier 
at frequencies ranging from 50 to 200 megacycles, but Hahn and 
Metcalf discuss and describe similar tubes used as oscillators 
at wavelengths down to 4.8 cm. 
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Fic. 10-36. Hahn and Metcalf 
Velocity-modulation Amplifier 
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Chapter Il 


TRANSMISSION LINES 


Transmission lines are usually used as means for convey- 
ing power from a source to a load. In many ultra-high-frequency 
systems, however, there are other important uses; for example, 
as circuit elements in place of ordinary capacitors and induc- 
tors, for impedance matching, and for measuring wavelength. 
Furthermore, antennas may be treated as open-ended transmission 
lines, and the current distribution on them is very nearly that 
determined from transmission-line theory. 


l1-l. Fundamental Equations: Steady State. - The con- 
ventional transmission-line equations are based upon the assump- 
tion of a uniform distribution of series resistance of R ohms 
and a series inductance of L henrys per unit loop* length, and 
a shunt conductance of G mhos and a shunt capacitance of C 
farads between "go" and "return" conductors, per unit length. 
Let 


R + jwL, be the complex series impedance per unit loop 


length; 

Y= G+ jwC, be the complex shunt admittance per unit loop 
length; 

Zo= Ro + jXo be the complex impedance across line terminals 


at output end. 


Here w is the angular frequency enf of a sinusoidal’ voltage Vi 
which is applied to the input (sending) end of the line. 
The distance along the line is expressed in terms of the 


1. It is essential to remember that the development is limited to steady- 
state conditions. This condition is introduced from the start by the use 
of the complex quantities V, I, Z,, etc. If transients, or wave forms not 
readily resolved into one or the sum of more than one sine wave, are to 
be studied, then the instantaneous currents and voltages, and R, L, G, C 
rather than Z, Y, etc. must be used. This discussion is continued in 


footnote 3. 
2. By "loop" is meant the two wires of a two-wire line, the two conductors of 


a coaxial line, the one wire of a two-conductor system which uses the 
ground as the second conductor (assumed a perfect conductor), etc. 

A wniform line is assumed, and in the event the line is not uniform, 
substantial uniformity may often be achieved by transposing conductors at 
intervals or by other methods. 

Note particularly that Z and Y are not directly related; in particular 
Y is not the reciprocal of Z. 


BAS 
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variable x (measured in any convenient unit of length), whose 
origin is taken at the output (receiving) end. At any point x, 
the current and voltage are I and V respectively. The line is 
terminated in a load impedance, Zas 


Fig.11-1. Transmission line with output (load) impedance Zo, 


It is clear that the vector drop in voltage per unit 
length along the line is equal to the ZI drop per unit length; 
and that the vector change in current per unit length along the 
line is YV per unit length. In equation forn, 


dV 


apes (11-1) 
dI 

and ee ‘ iu 
eee tae (11-2) 


By elimination of I and V in turn between the simultaneous dif- 
ferential equations, there result: 


a°v 2 
Bae MELE NOU PONS (11-3) 
de 
‘coms 2 
dx- 2yi=y'l, (11-4) 
where = VZY is the propagation constant. These second- or 


aifferential 1 equations each have two independent solutions,®* 


3. If instantaneous voltage v and current 1, rather than the complex equiva- 
lents V and I of sinusoidally varying quantities, had been considered, the 
statement that change in the voltage v per unit length at any point x on 
the line is equal to ri + Lai/dt at that point would be written 

ov _ 61 
Fah a (a) 


which corresponds to (11-1), and the change in the current i per unit 
length of line at any point x equals Gv + C dv/dt at that point would be 
written 
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which may be written either as ex and e-t* or as cosh Yx and 
sinh yx (hyperbolic cosine and hyperbolic sine of Yx). 
The following identities are useful in subsequent work: 


cosh Yx = io ea v5 ee ea ee 
sinh yx = Sto > ons = YX +uz +e Yess ee 
eYX = cosh ete es NX See Yet a + ae das ce oha see 
et* = cosh Yxvereion x= sd x + — e on Se ey, ee 


Instead of using differential equations to arrive at the 
functions representing voltage and current distribution, we could 
write 


Sys 


x 
V +{ ZI dx ; (11-5) 


a5 +) YV dx; iT 64 
a pair of simultaneous integral equations stating respectively 
that the voltage V at point x is the sum of the output (receiver) 
voltage V, plus the integrated Z I drop between x and the output 
end; and that the current I at point x is the sum of the receiv- 
er current Vo/Z, plus the integrated shunt admittance current 
YeV between x and the output end. By successive iteration: 


Of Vv 
8x eh oo (D ) 


which is the more general form of Gheeor 
Solving for 1 by differentiating (a) with respect to x and substitut- 
ing from (b), 


Footnote Continued 


Perak ay (Ro +10) et 
ox ot + Mor te) 


There is an exactly similar equation for i. Now if v is assumed to vary 
sinusoidally with the time, then v can be considered the real part of 
Ved which when substituted into (c) yields (11-3). But if v does not 
vary sinusoidally with t, as in the case of transients, pulses, etc., 
then a solution of (c) and of the corresponding equation for i must be 
obtained which satisfies all the conditions of the problem at hand. The 
reader will thus appreciate that the solutions for the steady alternating 
state obtained in most of this chapter do not necessarily apply to tran- 
sients, pulse transmission, etc. A further discussion is contained in 
Sec. 11-12. 
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first inserting Vo as an approximation to V in (11-6); second, 

substituting the resulting value of I in (11-5) and solving for 
V; third, substituting this value of V for the V in (11-6), and 
so on, there are obtained the two convergent series for V and I: 


a2 4 ZK 
Vie Vattiye = pap seg) += Ky, ,0% 4 x a 


- = 2! HY at Zo 3! 5! 

aon ae 4 4 ei 
V 3,3 55 

rest(1 +S +See.) + neta +O ees). 
40 : : ; (11-8) 


ZK is defined as VZ/Y, and is called the characteristic imped- 
ance of the line. It is equal to the input impedance of a line 
of infinite length. It may be observed that the infinite series 
in (11-7) and (11-8) are equal to cosh yx and sinh yx. It may 
be observed also that if Z,) is made equal to 2K the two series 
in each of these two equations will have equal coefficients, and 
so may be combined, giving for their sum e~. Even when Z# Zr, 
the series in (11-7) and (11-8) may be rearranged into eYx and 
61x groupings, the coefficient of the e*term being directly 
preporttonet to the mismatch between Zo and Ze. The expres- 
sions are: 


Zo + =) (zs . zr) 
Ve=Vo oa el xy ee ee (11-9) 
“ie. he 22 eLo 
V Zx + Z By '=-Zey Ss 
and oe a = (e+ Ze) etx ae (2x Be) ct (11-305 
ae spool 2 


The alternative hyperbolic solutions are, from (11-7) and (11-8) 


Z 
V = Vo[cosh yx + 7, sinh yx] (11-279 
evans Le Zo us 
Vo Zo 
and I = =[cosh yx + = sinh yx] (11.123 
ing owe Saar 


There are several reasons, in the design of communica- 
tion circuits, for matching Zo with Zx, as follows: 
1. The power transfer capacity of the line is usually at 
or near its maximum when Z, = Zx. 
2. The line off tetancis is usually near maximum when 
Zo = &K- 
4, It should be noted that it is not difficult to calculate a quantity such 
as 1 where Y is complex. If Y =-@¥+ Jj B (@ and 6 real) has been calcu- 
lated and x is given, the ax and Px are known and 


Yr, Ox JPx _ Ox 


8 x 


that is, a is the modulus or magnitude of the complex quantity ot » and 
Bx is the phase angle. 
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3. Transient, echo and reflection effects are minimized 
when Z = 4x. 


In (11-9) and (11-10) the term e%* may be considered as the di- 
rect wave, attenuating in the direction of the load, and the 
term involving «YX as the reflected wave, attenuating as it 
progresses away from the load. When the load impedance, Zp), is 
equal to Zx, equations (11-9) and (11-10) are simplified by the 
vanishing of their last terms, and for this condition they pos- 
sess greater simplicity than the hyperbolic forms (11-11) and 
(11-12). For other values of Zo, the forms of equations (11-11) 
and (11-12) are simpler, particularly if Z, is equal to 0 or», 

All the foregoing equations have been expressed in terms 
of the variable distance x from the receiving end, but by the 
simple substitution of line length, {, for x, the expressions for 
input voltage, Vi, and current, Iy, are obtained. 


11-2. Formulas for Reference.- The following collection 
of the various forms of the transmission-line equations give ex- 
plicit expressions for the various voltages and currents in 
terms of each of the others. These expressions follow readily 
from those derived above and are given in Table ll-I. 


11-3. Approximate Expressions for y and Zy when wLl>>R 
and wC>>G.- We have defined the propagation constant Y and the 
characteristic impedance ZxK as: 


Y=/ZzY =1/(R + jwL)(G + jwc) 
=1/R G-uL C+ iO.L.G + RC). ; (11213, 


wn fees. ry, =, /Rtdsob 
i we Tao Tene | lS = 
Gr +. WFC 


The propagation constant y is in general complex, and 
its real and imaginary portions are denoted as 


y=at jp. (11-15) 


where a is called the attenuation constant and § the phase-shift 
constant of the line. Both a and § may be expressed as explicit 
functions of R, L, G, and C, but the expressions are long and ; 
cumbersome, and their use is not recommended. They are 


a  {3L (Ra - w°Lc) + /(R~ + w2L2)(G2 + wc? ame (11-16) 


B = 1 5i-(Re -~ w°Lc) + /(R® + w°L*)(G? + aFo=y)}*/? (12-27) 
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Numerical values for a and f# are computed much more easily from 
the first of (11-13), if all four line parameters are to be used, 


At very high frequencies WL and wl 


are so much larger than R and G respectively, 


and no approximations made. 


that these loss 


places with 


terms may be dropped out in many (though not all) 


consequent simplification of the expressions fora, 


B and Zx. 


The approximate values of aandfso obtained are: 


(112763 


(11-19) 


B 
In many lines the last term in (11-18), involving G, is negligi- 


ble in comparison with the term involving R, and may be dropped 


and 
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from the equation. Equation (11-18) should not be interpreted 
as stating that a is independent of the frequency, since R often 
varies with f. 

Under the same conditions, we may write for the charac- 
teristic impedance 


nee 1/R ss 
gy +, /E 12 2(2-§ : ee 


and the angle is very small and may be considered zero for many 
lines. The angle is given in radians. From this itis seen 
that asw approaches ©, 


complex ohms, 


LH pec 
WC wL (11-19a) 


mle 


Rxr— CIT=20} 


L 
C 3 
Xe 3 0. (adeeT} 


In Table 11-II are summarized the line properties. The 
case in which R/L = G/C has been listed because of its import- 
ance in those wire circuits to which inductance is added to ap- 
proximate the condition. 


11-4. Lossless Line.- Calculations based on a hypo- 
thetical lossless line are simpler than those where losses are 
taken into account even approximately, and often yield solutions 
which are quite adequate to the purpose at hand. At ultra-high 
frequencies, a line may be very short physically yet electrical- 
ly long (e.g., several wavelengths) and have losses which are 
but an insignificant fraction of the power transmitted. For the 
lossless condition, where R = O and G = O, the propagation con- 
stant and the characteristic impedance obviously reduce to 


y=a+ jp = 0+ juVLe (17-22) 
and Ze = Re + Ihe =\/e + Jo. (ai les 


In Table 1l-III have been collected some of the condi- 
tions under which a lossless line acts like a circuit element. 
All the results have been obtained by first substituting y = jp 
in formulas given in Table li-I. 


11-5, Methods of Computation,- From the value given in 
Table ll-I for the voltage along a transmission line terminated 
by a load whose impedance ts equal to Zx, it is seen that the 


5. An interesting case in which the angle may not be considered zero at high 
frequencies is given by L. S. Nergaard and Bernard Salzberg, "Resonant In- 
pedance of Transmission Lines," Proc. I.R.E., Vol. 27, No. 9, Sept. 1939. 
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TABLE 11-III 


Use of Transmission Line as a Circuit Element 


Assumptions: R, G, a are om. VOB zero (lossless line), 
hence y = 5B = jw/Lc ZK = pure resistance 


Output (load)} Length 7 line Input ea Piriewibet ceecuit siemens 
impedance Zo 
JZx tan Bf crc when Bf falls in first or third quadrants 
cet when Bf falls in second or fourth quad- 
rants. 
-JZx/tan RY {Soector when $f falls in first or third quadrants 
{Sneactr when 8f falls in second or fourth quad- 
rants. 
amen ese! A 


ee Z 

oN + 1)° Transformer: V, I, = Vo Io and=° =«=t -—=° 
: Lope! 

0 Ww tbo zx 


(N any integer) = equivalent turn ratio. Note that Z; is square 
of turn ratio multiplied by Zo 


variation is proportional to an exponential, i.e., 


v= V4 pa ee (11-24) 


A point at distance x from the output end is the same as one at 
distance {-x from the input end. On a line of infinite length, 
the term {-x would have a rather tenuous meaning, but the equa- 
tion would still hold true if /-x is replaced by the distance 
from the input end. We have defined Y as 


T= oS 7IP (11-25) 
and so eq. (11-24) may be written as 
Ve fe tk -x) eo” BK -2), 


v 


= Vi Ape “2 Icon B(K-x)-j sin B(-x)] 
(11226) 


Since both a and f are real, it is apparent that a is an attenu- 
ation constant and £8 a phase constant, at any fixed frequency. 
Both the exponential function and the trigonometric functions 
may of course be evaluated readily from slide rule or tables. 
The arguments are in radians. 

When the line formula to be applied contains hyperbolic 
functions, for example 


Z 
Vi = Vo cosh yf a sinh yf, pyten7.) 
RA if Zo L 


the complex hyperbolic functions are best evaluated by expansion 
in terms of real functions. The following identities are 
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frequently useful: 


cosh (a + jb) cosh a cos b + j Sinh a sin b; (11-283 


sinh (a + jb) = sinh a cos b + j cosh a sin b. (11-29) 


These identities are easily proven by the substitution of the 
exponential forms for all the functions. Values of the real hy- 
perbolic functions are given in Table 11-IV, for arguments lying 
between O and 3.00. For larger arguments the cosh and sinh 
functions are approximately equal to each other and to half the 
positive exponential of the same argument. 

If the complex argument yk has a magnitude or absolute 
value less than about unity, then the direct use of the appro- 
priate series expression for the function may be convenient, but 
for large arguments the series will be found to converge so slow- 
ly that a great many terms are required to give accurate results. 
The use of the series with a complex argument of course will 
make each term complex, as a general thing. 

Kennelly's tables or charts of complex hyperbolic func- 
tions may be referred to if available.® 


11-6. Example. Voltage and Current Distribution.- Let 
it be required to determine and plot the complex voltage and 
current distribution on a transmission line 8 miles long 
with open end (Zo =o), the line parameters per mile being 


R = 108.8 ohms per mile, 
wL = 335.6 ohms per mfle, 
G = 0, 
wc = 2.024 x 107° mho per mile. 


The opzn-end voltage is one volt. 
Solution. The propagation constant y and the charac- 
teristic impedance Zx are first calculated. 


y =V2ZY =V(108.8 + j335.6)(0 + j0.00202 


= 0.1320 + jO.8348 complex numeric per mile. 


phy ees /T08.8 + 5335.6 
=K VY “V 0+ j0.00202% 
= 417.5 /-7.98° complex ohms. 


Equations for V and I from Table 11-I will be used, and the 
functions evaluated by expansion in real functions. 


6. "Tables of Complex Hyperbolic and Circular Functions,” A.E. Kennelly, 
Cambridge, 1921. "Chart Atlas of Complex Hyperbolic and Circular 
Functions," A.E. Kennelly, Cambridge, 192). 
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TABLE 11-V 


Computation of Voltage and Current Distribution along a Line; Z = ™, 
a = 0.1320 per mile, B= 0.8348 per mile, Zx = 417.5/-7.98° complex ohms, 
(= 8 miles, Vo = 1/0° volt 


x ax px V = cosh Yx Symbol 
(miles) (numeric) (radians) sae come odes (complex volts) on Fig.11-2 
) @) ) a4 1 0) ) 1 + jo Vo 
i 0.1320 0.8348 1.0087 0.6712 0.1324 0.7413 0.6770 + j0.09815 Vi 
2 0.2640 1.670 1.0341 -0.0890 0.2774 0.9951 -0.09203 + j0.2760 Ve 
3 0.3959 2.504 1.0794 -0.8034 0.4059 0.5952 -0.8672 + j0.2416 Vs 
4 0.5279 5.339 1.1424 -0.9806 0.5527 -0.1958 -1.1202 - j0.1082 Va 
5 0.6599 4.174 1.2257 -0.5131 0.7089 -0.8583 -0.6289 - j0.6077 Vs 
6 0.7918 5.008 1.3302 0.2909 0.8772 -0.9567 0.3870 - j0.8392 Ve 
7 0.9238 5. Shy 1.4579 0.9049 1.0609 -0.4256 1.3193 - J0.4515 V7 
8 1.0558 6.678 1.6131 0.9226 1.2632 0. 3848 1.4864 + j0.4861 Ve 

_ Sinh yx 
x 7. Z Symbol 
(miles) sr he (complex bia on Fig. 11-2 

) 0) ) 

1 0.08887 + j0.7477 -3.79 + J 180.31 Ih 
2 -0,02469 + j1.0290 -40.08 + 9 243.26 Ip 
is -0.3261 + J0.6425 -98.72 + § 141.55 Is 
4 -0.5420 - j0.2237 ~-121.12 - j 71.09 I4 
5 -0.3633 - jl.052 =194..28 =.) 261.62. Is 
6 0.2519 - jl.2727 102.09 - Jj 292.50 Ie 
7 0.9601 - j0.6204 248.38 - Jj 115.23 I7 
8 1.1654 + jo.6214 245.76 + 3 186.17 Ip 


Thus we have: 


V = Vo cosh yx 


= Vo[(cosh ax cosfx) + j(sinh ox sinfx)] 


= (cosh 0.1320x cos 0.8348x) + j(sinh 0.1320x sin 0.8348x) 
complex volts. 


Yo inh 
rae 3 Yx 


[tH 
u 


fl 


V 
oe [(sinh ax cosfx) + j(cosh ax sinfx)] 


— 


(0.002372 + j0.0003326) [(sinh 0.1320x cos 0.8348x) + 
j(cosh 0.1320x sin 0.8348x)] complex amperes, 


where Vo has been taken as equal to 1/09 volt. The numerical 
work is presented in tabular form in Table 11-V. 

The complex voltage and current functions are plotted 
in Fig. 11-2. It is seen that the line is slightly more 
than one wavelength long, as is indicated by the voltage 
spiral making slightly more than one revolution about the 
origin for the 8 miles. 

If there were no losses on the line, this voltage spi- 
ral would degenerate into a horizontal straight line joining 
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( Mas current 
I, mile line; output In 
his put voltage for 
© t=0) 8-mile line g Vs 


Voltage between 
wires 7 miles from 
output end 


Fig. 11-2. Complex voltage and current distribution on an open-ended transmission 
line of length alittle more than one wave-length. The attenuation of this line 
is relatively high (« — 0.1820 per mile). 


the points 1 + jO and -1 + jO. The current spiral would de- 
generate into a vertical straight line. 

Another way of showing graphically the distribution of 
current and voltage is illustrated in Fig. 11-3 and Fig. ll- 
4, 


11-7. Direct (Incident) and Reflected Waves,- The dis- 
tribution of voltage in the foregoing example was given by the 
equation 


V = Vo cosh (0.1320 + j0.8348)x 
which may alternatively be expanded as 


Vv s ir 
O 9 07 1320x g 90-8548x $ 9707 1320x 9 7I0-8348x 


v= 


2 


0.1320x 


- 2 (cos 0.8348x + j sin 0.8348x) 


P -0.14320x 


[e 


+ (cos 0.8348x - j sin 0.8348x)]. 


The two portions represent two waves; the first a sinusoid mul- 
tiplied by an exponential increasing with x, and the second als 
@ sinusoid, but multiplied by an exponential decreasing as x 

increases. Since any wave traveling along a line must undergo 
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attenuation in the direction of its travel, the two portions 
must represent waves traveling in opposite directions; in other 


Magnitude of v/ Vo 
Angle of V/Vo 


x = miles from open end.( 0) 
Fic. 11-8. Distribution of voltage magnitude and angle along an open line. 
The dotted curves are for corresponding lossless line. 


Magnitude of if Vo (ma per volt) 
Angle of 1/Vo 


x = miles from open end (0) 
Fig. 11-4. Distribution of current magnitude and angle along an open line. 
The dotted curves are for corresponding lossless line. 
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words, a direct or incident and a reflected wave. Here (Zo =o) 
the reflection is complete, and the incident and reflected waves 
are equal at the open end. Farther back on the line, the direct 
wave is the larger. The summation of the two produces a stand- 
ing wave pattern, which is easily recognized in the"magnitude" 
curves of Fig. 11-3. The two waves may be represented by two 
vectors rotating in opposite directions, with angle of rotation 
proportional to x, one increasing and the other shrinking. 

The reflected wave may be reduced to zero by making the 
load impedance Zo = ZK. There will then be no standing wave 
pattern, and the curve of voltage magnitude will be a simple ex- 
ponential curve, rising with increasing values of x, as indicat- 
ed in Table ll-I. 

Consider the current I at any point x; by Table li-I 


I = AeY* - Bey (11-30) 


where A and B are the complex quantities, independent of x, which 
are indicated in the table. Write A = A/® and B = B/@x, and 
substitute y =a + jp, then: 


I= Ae* /gx +0, - BeC* /-gx + Op. (17P231) 


Now, since a complex current or voltage is the equivalent of an 
actual instantaneous sine-wave current or voltage of the same 
magnitude as the complex quantity and with a phase angle equal 
to that of the complex quantity, the instantaneous current i 
corresponding to (11-31) can be written 


f= fhe @ cos(iwt+ px + 04) - Be~~ cos(wt - Bx +p ). 


(11-32) 


When x is fixed, each term represents a sine wave of frequency 
w/2n, indicating that 1 is a sinusoidal current at x whatever x 
may be. But if t is held constant and x is varied--this is 
equivalent to the observer moving along the line with the cur- 
rent frozen at the distribution obtaining at the given instant-- 
a cosine variation multiplied by e@* or e-“™ will be observed. 
A repetition of this procedure an instant later will show that 
the A component appears to have moved toward the output end, 
whereas the B component appears to have moved in the opposite 
direction. Thus (11-30) is the complex equivalent of two waves, 
the direct or incident A wave (incident on Zo) and the reflect- 
ed B wave (moving away from Zo). Figure 11-5 illustrates the 
distribution of the B wave with distance (x) for several values 
of t. Traveling waves of the type discussed here play an im- 
portant part in many aspects of ultra-high-frequency work, and 
the reader not acquainted with them should plot the A term of 
(11-32) against x for several different values of t, until he 
feels that he has a good appreciation of the significance of 
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the expression; a similar plot of the B term (as in Fig. 11-5) 
should be made to show that it moves in the direction opposite 
to the first case. 

The change in x required to change $x by en is a wave- 
length (A); hence 6 = 2n/r. 

: Consider a time t, and a point x,, and a time tz, and 
point xz, related by wt, + Bx, = wt, + Bx,. Then cos(wt, + Px, 
+ 9,) = cos(wt, + Bx, + 0,), and states physically that the val- 
ue of the cosine at time t, and point x, has moved to point x, 
at time ts. The velocity of propagation is 


=> (11-33) 


This is known as the velocity of phase propagation because it 
refers to the rate at which a given value of the cosine in a 
steady-state case appears to move; that is, the phase wt, + Bx, 
+ @, of the cosine at time t, and point x, is the same as the 
phase wt. + Bx, +6, of the cosine at time ts and point xz. 

Velocity of phase propagation is indicated in Table 
11-II under the brief table "phase velocity." It is desirable 
that phase velocity be independent of frequency, in order that 
waves of different frequencies maintain the same relative phases 
with respect to one another in steady-state transmission.” 


11-8, Standing Waves.- The magnitude and phase angle 
of I = I/6z in (11-31) can be obtained by combining the two com- 
plex quantities on the right. These are 


Tomas A 6-0 ty Bee —.2 AB cos(oix +104 - Op) = (11-34) 
| _ A sin(px +@,) + Be7*** sin(Bx - 63) 
oer Or ™ A cos(px +6,a) - Be~*%* cos(Bx - @R) ae, 


For a particular case these have been plotted in Fig. 11-4, in 
which the solid "magnitude" curve is of the type of I above, 
and the solid "angle" curve is of the type of 97 above. 

A special case of much interest is when A = B and 
@, = OR Or Og = OR +7, and the line is lossless Goo onc at 
is seen from (11-34) that I becomes 


tit ee ea + 2 AB cos 26x (11-35a) 


and I, the magnitude of the instantaneous i, will always be zero 
at certain points. Turning to the expression (11-32) for the 


7. Velocity of phase propagation is not applicable to transients, etc. As 
its name implies, it indicates the speed with which a given phase of a 
sine wave appears to travel. It does not imply that energy is transmit- 
ted at this speed. Phase velocity may be greater than the velocity of 
light, as is the case in wave guides (Ch. 14). 
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instantaneous current i corresponding to the complex I, and as- 
suming’ A = B, and 8, =)-.0pn, ‘and a-= 0; 


a 


I 


A[cos(wt + @ + 6x) - cos(wt + Oa - fx)] (11-36) 
2A sin Bx sin(wt +6,) 


This is a standing wave, which results from combining an incident 
wave and a reflected wave of the same magnitude. At each point 
x the current 1 varies sinusoidally with the time. But the mage 
nitude I of the current varies with x in such a manner that at 
some points (called nodes) I is always zero, and at some points 
I is always a maximum compared with the value of I at other 
points. Figure 11-6 illustrates (11-36). 

In (11-30), A and B represent quantities given in Table 
l1i-I. It is not necessary to introduce these quantities so long 
as it is known that they do not depend on x. The reader can 
show that if A = B, without any limitation on the phase angles 
of A and B, standing waves will result. 

fi Since Table 11-I shows that A and B actually stand for 


A = ro Be) (11-37) 


aya 


_ ,{4o0 - 
and B = ye a (11236) 


it follows that if Zk is real (as it is for most practical pur- 
poses at high frequencies--see Table 11-II), then any pure re- 
actance jX. for load (Z.) will result in standing waves. For A 
will equal B even though the phase angles of A and B may differ. 
The condition includes Z) = O and Zo =o. 


11-9. Quarter-Wave Line as a Transformer. - It will be 
recalled that if an impedance Zo, is connected to the output ter- 
minals of a perfect transformer, the input impedance 2; is N°Zo 
where N is the turns ratio. The "impedance level" is thus 
changed. At the beginning of the chapter it was stated that 
short sections of ultra-high-frequency transmission line may be 
used effectively for impedance matching. When so used, trans- 
mission-line losses are usually negligible, and theory based on 
the lossless line suffices. For the lossless line (R = 0, G =0, 
A. = 0), 


Zx = 2x =\/= /0° ohms (11-39) 


276..10e.6 Z for open-wire pair (11-40) 


= 138 log for concentric-tube 


line (11-41) 
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in which D is the axial spacing of the open-wire pair, a the 
radius of each wire, and b the inside radius of the concentric 
tube. 


B = jw VLC = jon/A numeric per unit length. (11-42) 


Table 1ll-I gives the general expression for the input or 
sending-end impedance Z; for a line with output (load) impedance 
Zo and by substituting in this the lossless condition, and also 
taking the value of yf equal to jn/2 (one-quarter wavelength) 
the equation becomes 


Zi = 2K/Zo complex ohms. (11-43) 


For the lossless-line case Zx is real, and so if Zo is a pure 
resistance, Z; also will be resistive in character. 

In order to match a source having an impedance Zi, to a 
load of impedance Z,, then, we may join them by means of a 
quarter-wave transmission line having a characteristic impedance 
ZK equal to the geometric mean of the two impedances to be 
matched; in other words, ZK = V/Z1Zo ; 

The matching need not be exact, because most of the bene- 
fit to be had by properly matching a line is obtained by a rea- 
sonably close, though not exact, match. 


11-10. Impedance Matching by Use of a Stub Line.- When 
a relatively long transmission line (e.g., several wavlengths) 
is feeding a load of impedance Z , such as an untuned antenna 
having considerable reactance, matching of impedances may be ac- 
complished by the use of a stub line branching out from the main 
line a short distance back from the load. The stub must be lo- 
cated at such a position on the main line, and have’such an in- 
put impedance of its own, that the parallel impedance of the 
stub and the main line with termination Zo shall be equal to ZX. 
Under this condition, reflections and standing waves are elimi- 
nated on the main line between the stub and the sending end, 
this being presumably much the longer part of the line. 

Consider first the use of a short-circuited stub. This 
is usually preferable to an open-circuited one because of lower 
radiation losses and for purely mechanical reasons. We make 
use of the equation for Zi from Table 11-I. It becomes for the 
lossless case, since ZK = Rx and y = jp, 


Zo cos BX, + j Rg sin 6x, 


hy vete ; 
a Rx cos BX, + j Zo sin Bx, 


complex ohms (11-44) 
which represents the complex impedance looking into the main 
line toward the receiving- end, at a distance x, back from the 
receiving end. 

At this point x, we connect a short-circuited stub line 
of length xz, and having the same values of Zg and # as the main 
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line. From Table 11-I the input impedance of this stub is 
equal to (Zo = 0) 


Ze = jRx tan 6x2 ohms. (11-45) 


We may invert the expressions (11-44) and (11-45), writing them 
in the form of admittances Y, and Yo. The admittance Ys of 
the short-circuited stub of length x5 is a pure susceptance, as 
might have been surmised in view of the assumption that there is 
no loss in the stub. The admittance of the parallel combination 
of stub and loaded line is Y, + Yo, and the conductance, or 
real part, must clearly be that of Y, alone, since Yo contains 
no conductance term. For an impedance match, Y, + Ys must 
equal 1/Rx, a real quantity, and so the value of x, must be se- 
lected first to make the real part of Y, equal to 1/Rx. Later 
the susceptances must be cancelled by aeiseeine the proper length 
X> Of the short-circuited stub. A graphic chart to assist in 
the calculation has been published by P.S. Carter.° 

The two lengths may thus be worked out analytically, but 
as a practical matter the output (load) impedance Zo is seldom 
known precisely, except by measurements made on the line feed- 
ing it. Suppose for example that the load is an antenna. Stand- 
ing waves will be formed along the line feeding the antenna, un- 
less the value of Zo is equal to ZR, assumed here equal to 
Rx + jO. A voltage maximum point nearest the load may be locat- 
ed by means of a probe, and likewise a voltage minimum, which 
will be one-quarter wavelength away from the maximum. At both 
these points the impedance looking toward the load is a pure re- 
sistance; at the voltage maximum it is greater than Rx, and at 
the voltage minimum it is less than Rx. In the quarter wave- 
length toward the load from the voltage maximum, there is a po- 
sition where the susceptance looking toward the load has a real 
or conductance component equal to the reciprocal of Rx, and an 
imaginary or susceptance component which i8 negative or induc- 
tive. At this pofnt we may connect a positive or capacitive sus- 
ceptance of equal size so that the line from the generator "sees" 
a@ pure resistance equal to Rx at the junction. On the other 
side of the voltage maximum a similar point may be found at 
which the balance may be effected by the use of a shunt induc- 
tive susceptance. Measurements of current minimum and maximum 
will serve equally well, these occurring at voltage maximum 
and minimum respectively. 

From Table 11-I it may be seen that the direct and re- 
flected voltage waves have values respectively proportional to 
(Zo + Z2x)/2Zo and to (Zo - Zx)/2Z0. When they are in phase they 


8. Charts for Transmission Line Measurements and Computations, RCA Review, 


3, 355-68 (1938-39). 
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produce a voltage maximum, and when 180° out of phase a voltage 
minimum. The reflection coefficient of the load Zo is 


Lone RE 


ZeneeRe ’ (11-46) 


this expression giving the phase shift ») at reflection as well 
as the relative magnitude of the reflected wave. At any point x 
units distant from the load, a further shift in angle of 2px 
= 4nx/A will have taken place, since the phase of the incident 
wave is advanced, and that of reflected wave retarded as we go 
back from the load, each by an amount Bx = Onx/A. Maxima wtll 
occur at points where p + Bx = y + 2nx/A is equal to a multiple 
of 2n, and minima where this sum is an odd multiple of nt. 

The expressions for the stub locations and lengths are 
not simple, and the results are therefore presented in tabular 
form, Table 11-VI. 


Table 11-VI 
Location and Length of Stubs for Matching 


N cae Location Length of Stub 
Vmin | (from Vmax point) | Stub Shorted | Stub Open 
ed 


All lengths are given in wavelengths, and the location is meas- 
ured from a voltage maximum toward the generator if a short- 
circuited stub is to be used, from the voltage maximum toward 
the load if the stub is to be open. Some trial adjustment is 
usually necessary. 


lf-ti. Line Parameters.- At ultra-high frequencies, 
the penetration of the current into the conductors is so small 
that the resistance is given very closely by the formula for ef- 
fective depth of penetration. The effective depth of penetra- 
tion 86 is defined as the thickness of a conducting shell which 
would have the same resistance to direct current that the actual 
conductor has to alternating current. For standard annealed 
copper, 


5 = 2.61/ \/f inches (11-47) 
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and this holds very closely as long as the radius of curvature 
and the thickness of the conductor are everywhere large compared 
with 6. Based on this formula, the resistance of any conductor 
at ultra-high frequencies® is seen to vary as the square root of 
the frequency f, and for copper iS equal to 


4,2 Vfrequency 


radius in cm microhms per meter, (11 -48) 


Resistance = 
this expression applying to a single wire. For a concentric line, 
the expression also gives the resistance of the outer conductor, 
the inside radius of this conductor being then substituted in 
the denominator for "radius in cm!" 

The distributed shunt conductance G is not usually a 
very large source of loss, except when poor dielectric material 
is used for the beads which support the central conductor in a 
coaxial line. However, if the air is humid so that moisture 
condenses on the insulators the losses will be considerably in- 
creased. The beads give rise to small reflections, which also 
increase the losses to some extent. At exceedingly high fre- 
quencies, the loss in the insulation predominates because of 
the unavailability of really good dielectric materials for these 
frequencies. 

The inductance of a concentric line at ultra-high fre- 
quencies is very closely 


L = 0.4605 logio “ x 107° henry per meter, (11-49) 


where b is the inside radius of the tube, and a the radius of 
the center conductor. The inductance due to linkages of the 
current with flux in the metal is negligible because of the 
small depth of penetration. 

The capacitance of a concentric line is 


0.241 -10 


Co = x 10 farad per meter. (11-50) 
10g10 B 
The characteristic impedance is 
ae =,/ = 138 LOR «5 5 ohms. (11-51) 


For a balanced two-wire line, the corresponding parame- 
ters are, per meter of line, 
8.4 VF 


————— ° 11-52 
Bs ee ra tae microhms per meter; | (11-52) 


9. Anotable exception is found in a wave guide of circular cross section 
when operated in one mode or type of transmission, where the a-c resist- 
ance decreases indefinitely as the frequency is increased. 
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L = 0.921 logio = x 107° henry per meter; (11-53) 
C = sete x 107*° farad per meter; (11-54) 
log 10 a 
D 
Zo = 276 1ogio = ohms. (11-55) 


Here D is the distance between centers of the two parallel wires 
each having radius a, measured in the same units as is D. 

The resistance of a conductor at high frequencies is in- 
versely proportional to its perimeter, other things being equal. 
The cost of a coaxial line, as well as the space it occupies, 
are determined principally by the tube size, and it is of inter- 
est to know what relative sizes of outer and inner conductors is 
the optimum under the condition of fixed outer conductor size. 
For lowest resistance, obviously the center conductor must be as 
large as possible; that is, its radius, a, should be just smaller 
than the inner radius of the tube, b. However, such a design 
would result in a very low value of inductance, high capacitance, 
and a low value of Q, defined as X/R. The conditions for the 
maximum value of Q may be computed readily, as follows: 

x enfL 


La R 


Dd 
= pur x 0.4605 % 10s" ilog+5. 8 
4.2VF (54%) 


0.70 b(em) VF logic 2 


b 3 
a L 


(11-56) 


which has a maximum when b/a = 3.6. At this optimum ratio, and 
at 3000 megacycles per second, a coaxial line of one centimeter 
inside tube radius (b = 1 cm) would have a Q of 4650. This ne- 
glects any losses in the dielectric. Ratios of b/a lying be- 
tween 2.5 and 7 may be used without increasing the attenuation 
more than 10 per cent above its minimum value for 3.6. 

The characteristic impedance for a coaxial line having 
the optimum b/a of 3.6 is equal to 77 ohms. 


11-12. Transients.- When a circuit produces a large 
gain through resonance effects, this gain is not manifest at 
once when the circuit is first energized. Instead, a period of 
growth of the output current and voltage amplitude takes place, 
with the duration of this period proportional to the Q of the 
elements forming the resonance circuit. Ordinarily, this 
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transient period is of almost no practical importance in radio 
circuits, because the transient is usually substantially com- 
pleted in a time which is insignificant in comparison with the 
duration of any of the signals. There are exceptions, however, 
and the simplest example of one might be in the handling of a 
very short pulse of high-frequency power repeated at intervals. 
If the amplification and generation of the high-frequency power 
depend largely on resonance effects, then the keying of the 
pulse at a low power level will not produce a square-wave pulse 
envelope, but instead one in which the leading "corner" of the 
Square wave increases approximately exponentially with time to- 
ward a steady value. 

Although limitations of space will not permit a thorough 
development of the transient theory, some consideration of the 
outstanding transient characteristics is important. 

The basic differential equations of current and voltage 
on a4 transmission line are stated in (11-1) and (11-2)*in terms 
of complex values, and these obviously become, for instantaneous 
values v and i of voltage and current respectively (see footnote 
3 of this chapter), 


dv 6i 
Oe tt a (11-57) 
681i dv 

and soe Gv + Cr (11-58) 


Eliminating i to obtain an equation in v, x, and t; and then 
eliminating v to obtain an equation in i, x, and t, there re- 
sult: 


8*v 6°v Ov 
axz = Woe + (RC + LG) + RGv; (11-59) 
Net oe Aoe Oi 
axe = Lape + (RC + LG)- = + RG1. (11-60) 


Actually during the transient period R varies considerably, and 
L to a smaller degree, owing to skin effect, and this variation 
had to be ignored to arrive at (11-59) and (11-60). Solutions 
for transients on lines are not. in a convenient manageable quan- 
titative form to include the phenomenon of skin effect, but the 
general behavior is not greatly affected thereby. Even when 
skin effect is neglected and all four line parameters are con- 
Sidered as constants, the solution is not simple, being ex- 
pressed most conveniently for computation in an infinite series 
of Bessel functions. 

The treatment here will be restricted to a brief de- 
scription of the physical behavior of the transient. The im- 
pressed voltage variation will travel along the line with speed 
1MLC, equal to the speed of light on an air-insulated line, and 
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will undergo an attenuation proportional to the factor 


R G yt 
we 
e~ ‘at * 20) (112608) 
and also some distortion which is a function of 
R G 
DL 7 20° (11-62) 


The distortion function is very complicated except when 
R/L = G/C, (11-63) 


for which relation there is theoretically no distortion of the 
wave as it travels along the line (see Table 11-II). The steady 
state is arrived at by the accumulation of successive reflec- 
tions; and if reflection is complete, as it is at the end of a 
short-circuited stub, the envelopes of the voltage or the cur- 
rent have a growth with time which is proportional to (11-61). 
The time constant of the growth function is the reciprocal of 
the quantity in parenthesis in (11-61). If G = 0, the time 
constant is 2L/R. If the Q is large, the transient envelope 
would reach 63 per cent of its final value in Q/n cycles or 
periods of the alternating wave. 

If the receiver end of the transmission line is not 
short-circuited or open-circuited, but has a resistance R,, then 
only a partial reflection takes place when a wave front strikes 
the termination. In terms of voltage,’ the magnitude of the re- 
flected wave bears to that of the incident wave a ratio equal 
to 


VC/L sib / Re 
VG/L + 1/R, 


This quantity is zero if R, = VL/C ; it is +1 if Ry =o (open 
end) and -1 if R;= 0 (short-circuited end). For other values 
of Ry the reflection coefficient (11-64) is a fraction, less 
than unity. When it is a fraction, the time constant of tran- 
sient build-up is shortened to a new time proportional to the 
size of the fraction; that is, the time constant is the product 
of the fraction by the reciprocal of the parenthetical expres- 
sion in (11-61). 


(11-64) 
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Chapter 1/12 


RADIATION 


In this chapter some of the simpler aspects of the theory 
of electromagnetic radiation are developed from the basic theory 
of electricity and magnetism; some attention is given to anten- 
nas for initiating, and for receiving, such radiation; and there 
is a limited discussion of the reflection, refraction, and dif- 
fraction of electromagnetic waves. 

Commercial broadcasting is a commonplace matter with 
which virtually everyone is familiar. Frequencies used are of 
the order of magnitude of one megacycle. So-called short-wave 
broadcasting employs frequencies of the order of 10 megacycles; 
frequency-modulation broadcasts are assigned frequencies of the 
order of 45 megacycles; and television broadcasts, 100 megacy- 
cles. The following table gives an idea of the uses of various 
frequency channels in the United States as of 1940. 


Table 12-I 
age aenen ee Type of Service 
100 - 200 ke Mobile 
608% 370: ke Aeronautical 
370 - 51S "kee Mobile (also 370-380 ke maritime direc- 
tion finding, 380-400 aeronautical ) 
515 «= 550 kc Government service 
550 - 1600 ke Broadcasting 
1600 = -1750 ke Mobile 
1750 - 2050 ke Amateur (other use in time of war) 
2050 - 3485 ke Mobile, police, aeronautical, etc., bands 
3485 - 3500 kc Experimental | 
3500 - 4000 kc Amateur (other use in time of war) 
4000 - 6000 ke Mobile, aeronautical, etc., bands 
6000 - 6200 ke International broadcasting 
6200 - 9500 ke Mobile, aeronautical, amateur, etc., bands 
9500 - 9700 kc International broadcasting 
9700 - 11700 ke Fixed, and mobile, bands 
11700 - 11900 ke International broadcasting 
11900 - 15100 ke Fixed, mobile, amateur bands 
15100 - 15350 ke International broadcasting 
25000 - 25275 ke Facsimile 
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Table 12-I (Continued) 


Frequency Range 


in ke or Mc Type of Service 


>. re 50 Mc Frequency modulation broadcasting 
50 - 108 Mc Chiefly television, but includes govern- 
ment, amateur, aeronautical, airline 
navigation aid, etc., bands 
TOS = 300 Mc Numerous 
Above 300 Mc Experimental, except 400-401 Mc amateur 


Two questions immediately arise: (1) Why are such high 
frequencies used? and (2), If it is desirable to employ then, 
what limits their use? 

A brief answer to the second question is that the most 
important limit on the use of high frequencies occurs because of 
the failure or insufficiency of generating and controling equip- 
ment at higher and higher frequencies. For example, in 1935 the 
use of 100 megacycles outside the laboratory would have been con- 
sidered impractical; today frequencies of even higher magnitude 
are in practical use as a result of extensive research and de- 
velopment in the interim. 

The first question -- Why are such high frequencies used? 
--involves several different aspects of communication: (1) ef- 
fectiveness of radiation of electromagnetic energy increases 
with the frequency, radiation at very low frequencies being neg- 
ligible for practical purposes; (2) each independent radio chan- 
nel must use a frequency band (for example, 10 kilocycles in 
amplitude-modulation broadcasting; 2 megacycles or more in tele+ 
vision broadcasting), and the simultaneous operation of many 
such channels means that the radiation from them must be at fre- 
quencies such that overlapping (interference) does not result; 
(3) the size of antennas and related equipment is smaller the 
greater the frequency -- this is particularly important in con- 
nection with portable equipment, including some military i 2 
ment; (4) in some respects, high frequencies are harder to "jam" 
than are lower frequencies--this matter may be of importance in 
military applications.’ 


12-1. A Change in Viewpoint.~ In the preceding chapters - 
the reader has been accustomed largely to deal with currents and 
voltages, and with other properties of circuits such as 


1. Another reason for. using high-frequency currents not directly concerned 
with radiation, however, is that certain circuits may transmit many mes- 
sages simultaneously by properly adjusting frequencies; this is carrier 
telephony and may. result in having as‘many:- as 200 channels on one trans- 
mission line. 
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resistance, 


inductance, and capacitance. 


2{1 


In the more general 


aspects of electromagnetic theory, and particularly in connec- 


tion with electromagnetic waves, 


it is convenient and often nec- 


essary to deal with electric and magnetic fields, and with prop- 
erties of the medium in which the waves exist, such as conduc- 
tivity, permeability, and dielectric constant or its equivalent. 
There is a rough parallelism which may be indicated thus: 


Table 12-II 


Item discussed in lumped- 
parameter circuit theory 


Voltages and currents at vari- 
ous branches of the circuit. 


Resistance in a branch of the 


circuit. 


Inductance in a branch of the 
circuit. 


Capacitance in a branch of the 
circuit. 


Energy stored in a capacitor. 


Energy stored in an inductor. 


Roughly analogous item discussed 
in electromagnetic wave theory 


Electric and magnetic field in 
tensities at points in the medi- 
um. 


Resistivity, or resistance of a 
unit cube, of the medium. 


Inductivity (permeability) of 
the medium = inductance of one 
turn of wire "per unit cube" of 
the medium when the medium is 
used as a core, and all flux 
concentrated in the core. 


Capacitivity (dielectric con- 
stant) of the medium = capaci- 
tance of a capacitor in which 
unit cube of the medium is the 
dielectric between plates on two 
opposite faces. 


Energy stored in the electric 
field in a unit volume of the 
medium. 


Energy stored in the magnetic 
field in a unit volume of the 
medium. 


The above table is not intended to set up exact analogues, but 
rather to draw attention to. the change in emphasis which will 
be evident in this chapter, and which is common to the study of 
electromagnetic radiation. 


12-2. System of Units to be Used-- Table 12-III (pp. 
) has been constructed to recall various meanings and to 
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outline the system of units (MKS rationalized) which will be 
used. "Fundamental" quantities are those arbitrarily chosen as 
bases; all others are derived. 


12-3. Displacement Current-- The current "through" the 
dielectric of a perfect capacitor is C dv/dt, and the current, 
other than leakage current, which "passes" from one wire of a 
two-wire transmission line to the other is likewise C dv/dt per 
unit length (C= capacitance per unit length). This current is 
not a conduction current corresponding to a flow of charge, but 
is a displacement current. Any varying electric field will pro- 
duce a magnetic field, just as a conduction current will produce 
a magnetic field. The time rate of change of the electric flux 
) through any surface is called the displacement current through 
that surface because the magnetic field produced is directly pro- 
portional to it. In a capacitor J = Cv, hence the displacement 
current dy/dt = C dv/dt. 

Displacement current and conduction current are indis- 
tinguishable as far as magnetic effects are concerned, but a 
displacement current is accompanied by no dissipation such as 
the RI* loss of conduction current in a conductor of finite con- 
ductivity. 

It is essential that the reader have a good comprehen- 
sion of displacement current, since it is of considerable impor- 
tance in radiation. A simple law, such as the one which states 
that the work required to carry a unit magnetic pole around any 
closed path is equal to the total current flowing through any 
surface which has that path for its periphery, does not state 
that the work done is zero when the path is entirely in a per- 
fect dielectric. Displacement current must be taken into ac- 
count in determining the the total current in the broad inter- 
pretation of this relation appropriate to field and radiation 
problems. 


12-4. Basic Laws.- As in any branch of a physical sci- 
ence, the basic laws of electromagnetic theory comprise those 
few laws from which the bulk of the theory--or at least a great 
part of it--can be derived. They represent the synthesis of the 
knowledge in the field. In dynamics the three Newtonian laws 
provide this basis, and in thermodynamics the two "laws of 
thermodynamics" are sufficient for most of the theory. In elec- 
tromagnetic theory five basic laws constitute the nucleus of the 
theory, of which four, known as Maxwell's laws, will be required 
here. These four, which may at first glance seem relatively un- 
important, and particularly so in comparison with the inverse 
square law, Ampere's law, etc., contain in their combination 4 
tremendous amount of information, including tthe said inverse 
square law, Ampere's law, and most of the laws with which the 
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the reader is familiar in this field. 
In their first rough form, the four basic laws needed 
here may be stated as follows: 


I. The work required to carry a unit magnetic pole 
around any closed path once is equal to the total current 
(conduction and displacement) which is linked by that path. 

II. The electric flux from a point charge q is equal 
in m&gnitude to q (some readers may be more accustomed to 
the statement that in electrostatic units the electric flux 
diverging from a point charge q is 4nq). 

III. The electromotive force induced in a closed loop 
fixed in position is the negative time rate of change of 
the magnetic flux linking that loop. 

IV. Lines of magnetic flux are closed lines. 


Using underscored symbols to denote vector quantities,* 
and the notation that a dot between two vectors indicates the 
triple product of the magnitude of the first vector, the magni- 
tude of the second vector, and the cosine of the angle between 
them, the laws above may be expressed in the mathematical form 


o indicates any closed path, of 
which ds is a vector element; 
Ti [ H+ ds = Inotar (Iota, 18 the total of the con- 
fo) duction and displacement currents 
linking that path. 


S indicates any closed surface, 

Q is the total net charge in the 

— volume bounded by the closed 
surface. 


o indicates any stationary closed 

path, of which ds is a vector 

—  ‘°=j element; Q is the magnetic flux 
linking that closed path. 


8 indicates any closed surface 
of which a (vector) element is 
ds. 


ul 
oo 


rv. f B- dS 
g = pd 


12-5. Digression on Vectors.- The mathematical form of 
the equations above is not well suited for present purposes. To 


2. The terms "vector" and "vector quantity" as used in this chapter refer 
not to the vectors of a-c theory, which represent complex numbers, but to 
space vectors such as those representing simple mechanical forces, elec- 
tric field intensity, etc. 

3. The reader interested only in specific results may skip to the end of 
Sec. 12-14, where the intervening development is summarized. The material 
worked through up to that point is, however, useful not only in this chap- 
ter but also in Ch. 14--Hollow Guides. 
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obtain a better form, the equations will be applied to very small 
volumes and surfaces in the medium. This procedure is not nec- 
essary, and the equations could be used as they stand. But the 
increase in efficiency which will result from the present digres- 
Sion will amply repay the effort expended. 

A magnetic field (physical concept) is a vector field 
(mathematical concept) in that at each point in the region where 
the field exists, and at each instant, the magnetic field inten- 
sity H has a definite magnitude and direction and the magnetic 
flux density B likewise has at each point at each instant a 
definite magnitude and direction. Thus H and B, and similarly 
E and D, are vector functions of position and time, that is, 
each vector depends on the coordinates xyz of the point at which 
it is to be measured or calculated, and on the time t. Conse- 
quently, the rate of change of a component of any one vector-- 

H for example--with one variable must be indicated by a partial 
derivative. Thus 


OHy 

Ox 
denotes the rate of change of Hy with x, while y, z, and t are 
held constant. Similarly OHy/ot denotes the rate of change of 
Hy with time t at a fixed point (xyz held constant). 

Because H, B, E, and D are functions of both position 
and time, it will be necessary to use partial derivatives rather 
extensively. It is highly desirable that the reader have a good 
physical picture of the process indicated by a partial deriva- 
tive. Partial derivatives will come into this discussion short- 
ly, meanwhile since we will be dealing with vectors rather ex- 
tensively, we begin with some of the simpler aspects of vector 
manipulation. The following rules concerning space vectors 
(not related to the rotating vectors of a-c circuit theory, 
which represent complex numbers) are listed for review. 

The geometrical definition of a vector is that a vector 
is a directed segment of a straight line. The direction is 
from the end called the origin toward the end called the terminus. 

A positive scalar s times a vector a changes the length 
of the vector a from a to sa and leaves the direction unchanged. 

Any vector a can be written as 4,48 where 4, 1s a vector 
of unit length parallel to a and a is the magnitude of a. 

The negative of a is a with its origin and terminus in- 
terchanged. 

Two vectors are equal if they can be made to coincide by 
moving either one parallel to itself. 

The sum a + b of two vectors a and b is the vector from 
the origin of a to the terminus of b when the origin of b coin- 
cides with the terminus of a. This definition can be extended 
to any number of vectors a me b+c+..-, and furthermore, it 
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can be shown by simple geometry that the order in which the vec- 
tors are added is immaterial. 

To subtract b from a, add -b to a. 

Any vector a can be written as the sum of a vector paral- 
lel to the X- axis, another parallel to the Y-axis, and a third 
parallel to the Z-axis where XYZ are the axes of a fixed, right- 
handed,* rectangular Cartesian coordinate system. If i, j, k 
are vectors of unit length parallel to X, Y, Z respectively then 
a= lay + jay + kaz where ay, ay, a, are the magnitudes of the 
components of a parallel to One 2 oe stale be 

The magnitude of ais a =Va,~ + ay” + aor . 

If a= 0, then ay, ay, az ae zero. 

In any vector equation each rectangular component on the 
left-hand side may be equated to the cnrresponding component on 
the right-hand side. 

Thus far, some of the simpler vector rules have been re- 
viewed. Extending now, the manipulation of vectors to multipli- 
cation, two types of multiplication are defined, The dot product 
is 
a - bh = ab cos (a, b) 


where cos (a, b) indicates the cosine of the angle between a and 
b. Applying this definition to the unit vectors L, jy ksh 
follows that it-i=j-j2=k-k= 41 since the angle between 
the vectors is 0° in each case, andi-j=j-k=k- 1=0 
Since the angle between the vectors is 90° in each case. Hence 


af 


a = tay + jay + ka, (Tory 
and b = iby + Joy + kb, (12-2) 
then” a-° b= axby + ayby + azby = ab cos (a, bd) (12-3) 


The cross product of two vectors, which may be chosen E 
and H because the cross product will be used later in connection 
with them, is defined 


E x H = ¢,FH sin (E, H) (12-4) 


and is the vector of magnitude EH sin (E, H) and direction per- 
pendicular to E and H in the direction a right-hand screw would 
move if its head were placed in the plane of E and H and rotated 
from E toward H through the smaller angle between Ez. and H. The 
vector € ; indicates a@ unit vector in this direction. 


4, Three axes, X, Y, Z, form a right-handed system if, when the head of a 
right-handed screw is placed in the plane of any two and is rotated from 
the first in XYZXY toward the second through the smaller angle between the 
two, the screw moves in the positive direction of the third. 

5. Assuming.a - (b +c)=a-b+a~- c, which the reader may show. 
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Applying this definition to-the “unit “vectors 1, j,k, 
there result i x j=k, a x k= 1, and kx 1-= d- It will at 
the same time be noticed that ix j= Z but j x i = - k, which 
illustrates a general rule ‘that ExH=-H8H x E, That re the 
definition of the cross product is such that one of the rules of 
common algebra, viz,, that xy = yx, does not hold for it: 


Now since = 1Ex + jBy + kEz 
iHy + JHy + kHz 
= 1 (EyHz = E,Hy) + j(E2Hy - Ex Hz) 
+ k(ExHy ms EyH;) (12-5) 


which gives the XYZ components of the vector E x H. 

Now consider the law (II) which states that the electric 
flux diverging from a charge Q is equal in magnitude to Q. Let 
S denote the whole of any closed surface, and let dS be @ vector 
equal in magnitude to the area of any element of the surface and 
directed perpendicularly outward from the surface. Then D.- ds 
is the electric flux crossing the element of surface ds, and the 
total flux crossing 8 is 


and 


led [od |e 
I 


it follows® that E x 


[,p D» ds (12-6) 


where the integral is the sum of all the products D- dS for 
every element of surface of the closed surface S. “The total 
charge Q inside S may be written 


[eat (12-7) 
Tv 


where p is the charge density, pdt the charge in any element of 
volume dt, and the whole volume ris the volume bounded by the 
closed surface 8. Thus the law (II) becomes 


D- dS -f pdt (12-8) 
== 


We will now apply this to a very small (infinitesimal ) 
volume dt of the medium. The right-hand side will be simply 
pdt. The left-hand side will be the sum of D- dS for each of 
the six faces. 


Following Fig. 12-1, for face 1234 dS = - i dydz, so that 
if Dy is the average value of the X component of D- over 1234, 
D- dS = - Dz dydz for 1234 


For 5678, dS = i dydz and the average of the X component of D 
over it will be the average value of Dx over 1234 plus the rate 
of change of D, in passing-in the X direction (8D,/6x) times the 
distance (dx) between 1234 and 5678, whence 


6. Assuming a in cross product with the vector b + c is equal toaxb+a 
x c which the reader may show. 
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D- dS = (Dx 1 2s dx) dydz for 5678 


The sum of the D+ dS's for 1234 and 5678 is 


-Dx dydz + (D, + ot dx) dydz = eux dxdydz 
x 8x 
Likewise, the two faces perpendicular to Y (2187 and 6543) will 
contribute (8Dy/éy) dxdydz and the two perpendicular to Z(1458 
and 7632) will add (6D,/6z) dxdydz, so that in toto 


5D, 6D a) 
abe? TYE Era Sa telah 3 x 
(= + St + 5) axayaz ~ par (12-9) 
But since dxdydz = dt, there finally results on a unit volume 
basis (dividing through by dt) 


OD, OoDy 6D, sd ; 
ae ay ae ee coulombs (12-10) 
which is our desired form. The right-hand side p is the charge 
in a unit volume, so the left-hand side must, by the law from 
which we started, be the net outward flux of D. Thus (12-10) is 
a repetition of the law II, but in a form much more convenient 
ts ee te MOTE convenient 
for some uses. 
If we define a vector operator del 
8 6 6 


Ve Sax | eat See (12-11) 


Then by the definition of a dot product 


ro) 8D,. 8D 
° = : a = = 
Ve oD Sr + By ike p (12 12) 


0 


xX 


Fig. 12-1. Elementary parallelepiped laws I-IV 
of Sec. 12-4 are applied to obtain the differen- 
tial forms of the laws. 
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or simply Vie <D = ip coulombs (12-13) 


and the operation V° on any vector denotes the net outward flux 
of that vector per unit volume. 

The law (IV) that B is continuous, that is, that as much 
magnetic flux enters as leaves any volume, may now be written 


V-B=0 (12-14) 


(The net outward flux of B from any unit volume = 0.) 

Turn now to the law (I) of Sec. 12-4 which has been 
Stated: the work required to carry a unit magnetic pole around 
any closed path is equal to the total current through any sur- 
face which has that closed path for its periphery; or in mathe- 
matical form 


f- H: ds = Iqotal (12-15) 
Oo 


This law may be applied to the path 56785 around one side of the 
elementary parallelepiped of sides dx dy dy shown in Fig. 12-l. 

Along 85, ds = jdy and H~- ds = Hydy where Hy is the 
average of the values of the Y component of H along 85. 

Along 67, ds = - jdy and the average “value of the Y com- 
ponent of H is the average along 85 plus the rate of change with 
z times the distance (dz) traveled over in going from 85 to 67. 
Hence 


H - ds along 85 = Hydy 

H - ds along 67 = (Hy + wt dz )(-dy) 
oH 

Total, 85 and 67 = salt a8 dydz 


Likewise, the total for sides 56 and 78 is + (8H,/éy) 
dydz. Consequently, the integral of H - ds about 56785 is 


8H 8H 
foe ds = (Sa im oEr ) dydz (12-16) 

According to the physical law (I), this is to equal the 
current over the surface 56785. If Jqota, is the vector density 
of the total current (conduction plus displacement), then since 
56785 18 perpendicular to X, J, dydz is the current through 
56785. Therefore 


8H 6H ) ° 
(Se . woe dydz = Jy dy dz 
or, on a unit area basis (divide by the area dydz of 56785) 
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Likewise, applying the law (I) to a small area (43654) 
perpendicular to Y, and also to a small area (76327) perpendicu- 
tar LO 4, 


OHx OFy 


Teg ee (12-18) 
OH 8H | 

VRye Sex “ 
me Oy J, (12229) 


The three equations can be written as a unit by taking the pre- 
viously defined vector operator VY in cross product with H (re- 
place in (12-5) components of E by the components of V): 


VxH= ITotal 


This is a vector equation, whose component equations are (12-17), 
(12-18), and (12-19). 

In a similar manner, recalling that the emf in a non- 
moving circuit is the integral of E+ ds, the third law--that 
minus the time rate of change of magnetic flux through a fixed 
circuit is equal to the emf induced in that circuit--may be 
written 


Vx E= -<= (126260) 


12-6. Forms of the Basic Equations.- Returning now to 
the physical problem, the forms of the basic equations previous- 
ly given in Sec. 12-4, and those derived in the digression on 
vector analysis in Sec. 12-5, may be brought together as shown 
In Table 1le-IV. Each entry on a given line says the same as any 
other entry on that line, but the forms are different, the one 
to be used depending on the application at hand. 


12-7. Equations for Simple Radiation Problems,—~ The 
derivative form of the equations gives the basis for the study 
of electromagnetic radiation. To simplify the problem, the work 
which follows will, unless otherwise noted, be restricted to 
non-static electromagnetic fields which may exist in a medium 
which is 


(a) homogeneous (a sample of the medium taken at any point 
is exactly like a sample taken at any other point) 

(b) isotropic (same properties in all directions; not like 
wood with different properties along the grain and 
across the grain) 

(c) a perfect insulator (no conduction current, i.e., J = 90 
this is the case of empty space and closely approxi- 
mates the atmosphere provided electric charges--ions 
and electrons--are not present) 

(d) free of electric charge (p = 0) 


(e) such that D = cE and B = pH where e and are constants.- 


a ee 
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II 


III 


Table 12-IV 


Basic Lawe of Electromagnetic Theory (Maxwell's Laws) 


STATEMENT IN WORDS 


The work required to carry 
& unit magnetic pole around 


“@ny closed path is equal to 
“the total current (conduc- 


tion and displacement) link- 
ing that path, i.e., the 
total current passing 
through any surface which 
has that path for its per- 
iphery. 


The electric flux diverg- 
ing from a charge Q is 
equal in magnitude to Q. 


The emf induced in any 
fixed closed loop is equal 
to minus the time rate of 
change of the magnetic 
flux 9 through that loop. 
By emf is meant the work 
required to carry a unit 
charge around the loop. 


Magnetic flux lines are 
continuous 


in Three Different Forms 
INTEGRAL FORM 


Eeds = Inotal 
fe) 


where o indicates any closed 
path, ds is a vector element 
of length of that path, and 

Itotal is the total current 

(conduction and displacement) 
linking that path. H is the 
vector magnetic field inten- 
sity, and the integral indi- 


ates that H-ds is to be cal-— 


culated for each element of 
the path, and summed. 


[rere 


where S is here any closed 
surface, dS is a vector ele- 
ment of S, D is the vector 
electric flux density, Q is 
the net charge within S, and 
the integral indicates that 
D: dS is to be calculated 
for each element of S, and 
summed . 


te 4 
if: ds - 5 


where o, ds, and the integral 
have meanings as in I, and the 
time rate of change of @ is 
written as a partial deriva- 
tive to indicate that the loop 
does not move (xyz of each 
point of the loop remain 
fixed). E is the vector slec- 
tric field intensity. 


_ 8 


where:S, dS, and the integral 
have meanings as for II, and 
B is the vector magnetic flux 
density. 


DERIVATIVE FORM 


Vx = Jpotal 


8 8 8 
where Ve tae + da; 


+k dz 
is a vector operator, V x H 
is the cross-product of V7 and 
H, and Jtotal is the vector 
total current density (conduc- 


tion-and displacement) . 


v-:D 


ry 


= 


where V - D is the dot product 
of VY and D, and p is the 
charge per unit volume (charge 
density). The equation states 
that at each and every point 
the electric flux diverging 
from a unit volume (V- D 
equal to the charge in that 


volwne (p) Ps 
B 


VxE*-§ 


is 


where B is the vector magnetic 
flux density. 


vrs 0 
which states that at any and 
every point the net outward 
flux of B from a unit volume 
is zero (as much entere as 
leaves). 
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Under these conditions the Maxwell equations become 


6E : 
I. VxHe=ze= 
- 6t Pony i= 0,0 = 6k 
ee V°E=#=0 and € is constant, and p= 0 
III es 
e ~ a7 x pred: span 
IV. V.t-H= 0 constant 


To determine the fields which may exist in the mediun, 
it is desirable to solve for E and H. Differentiate 1 with re- 
spect to t: 


Fe) 6H 
6H. 8°E (since = Vx H=V x ==, the 
Vx-—= €— ot ic 6t 
6t 6t 


reader may show this by writ- 
‘ing out the equality in conm- 
ponent form) 


Substitute for 6H/at from II: 


07E 
-Vx(VxE)= pe gS (12-21) 
Use in (12-21) the expansion’ 
Vx(VxE)=VV°'E-WV E=-y* E by Il; 
1058 
a re Ae (to_3a9 


where c = 1/ ue = 3 x 10° meters per second (u = 1.26 x26." 
henry per meter and«e = 8.85 x 1077** farad per meter for empty 
space). The three components Ex, Ey, E, must satisfy the three 
component equations pf (12-22), namely 


1. O*E, ok Oe Es aid 
i exer Bree dy 2 + Sze 


(12-23) 


> 


= V°-E, (12-25) 


Thus any electric field E which exists in the medium must satis- 
fy (12-22), which is the same as saying that its components E,, 
Ey, Ez must satisfy (12-23, 24, 25). : 
A similar derivation of H by eliminating E (differentiate 
III with respect to t, substitute for 0E/Ot from I) shows that 


7- In general Vx VxViFVV°'V- a ¥, and this can be show by expanding ~ 
the two sides of the equation: write out Vx V as in (12-17, 18, 19); 
write out V x of the resultant vector, etc. 
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any field H which exists in the medium must satisfy 


Nave le 
Vin ei eee ie 
12-8. Special Case of Plane Waves-- As the simplest case 
of interest, consider the field in which E depends on x and t 
only.” Then (12-23) reduces to 


OR te: 8°Ex (substitute E, or E, for (12-27) 
——wt = oe 7 z 
em Ot ox E, to obtain equations 


for other components) 


This 1s a linear second order partial differential equa- 
tion, Similar in form to an equation met in transmission-line 
theory. ® Its solution is 


Be eit tx tay ts f(s + ct) (12-28) 


where f, and fz are any functions, and the notation f,(x - ct) 
indicates that (x - ct) must be used as a unit--the x and t 
parts cannot be separated. Thus A(x - et = might be f,, -but 
A(x* - ct) could not be, since no use of (x - ct) taken as a 
PRit Will eive (x - ct). 

To show that (12-28) satisfies (12-27), let n=x - ct; 
Peeaetix — ct) = f,(n) and 


8f, offi 65f, 40? f 

Oke 407 ae pxei Om 

ary +. el See eh OF 

‘te eae eee, oe eae 
whence Oe re Oe 

Ox c= ot 


Likewise, f3(x + ct) satisfies (12-27), and since the equation 
is linear, the sum of the solutions f, and f; is a solution. It 
can be shown that (12-28) is the complete solution of (12-27). 
Consider first the f1(x - ct) part of E,; it states that 
that part of E, will have the same value at all points on any 
Plane perpendicular to the X-axis; it also states that if x, 
- cti = Xa - cts, then the value of E, at the point x, at the 
time t, is equal to the value of Ex at xm at the time ts. In 
other words, the value of Ex at x, at time t, has "traveled" to 
X> at the time tz. Thus f,(x - ct) represents a wave, and since 


8. Note that this does not mean that E has only an X component--all compo- 
nents of E may be present, each ts a function of x and t only. 

9. Actually, 12-27 is simpler than the equation which appears in footnotes 
1 and 3 and in the last section of Ch. ll. 


7 
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to must be > t, (ts must be a later time than ra when Xp > Xy 
in order that x, - ct, = X5 - cts, the wave travels in the + X 
direction. This wave is called the incident wave. 

Likewise, it can be shown that fo(x + ct) represents a 
wave traveling in the -X direction, and called the reflected 
wave. The total solution (12-28) thus indicates that E, may be 
made up of one resultant incident wave f,(x - ct), and one re- 
sultant reflected wave fo(x + ct). The solution does not require 
that both waves be present in any given case. The functions f, 
and fs in (12-28) are arbitrary; each may be present, or one or 
both may be zero. 

Over any plane perpendicular to the direction of propa- 
gation (X), the vector electric field intensity due to the inci- 
dent wave, or that due to the reflected wave, has the same vec- 
tor value. For this reason the wave being considered in this 
special case is called a plane wave, and any plane perpendicular 
to the direction of propagation (x) is called a wave-front of 
the plane wave. 

Plane waves are of importance because (1) they constitute 
the simplest type of wave from the standpoint of analysis, and 
(2) at large distances from the antenna or other radiating source, 
most waves approximate plane waves when considered over an area 
whose dimensions are small in comparison with the distance from 
the source. Figure 12-2 shows a plot of the distribution with 
x of a wave f(x - ct) for three instants. The reader should 
compare this with the figure of a wave on a transmission line, 
Riven ‘incChn.e -iL. 


Fic. 12-2, Wave f(x-ct) traveling in +X direction, (t,> t2>t3) 
pictured at three instants t, fe, ts. 


12-9. Transverseness of the Plane Wave.- The solution 
Ex = f,(x - ct) + fo(x + ct) has counterparts in the solutions 
for Ey and Ez; these will be similar except that the arbitrary 
functions f, and fs will be replaced by other arbitrary func- 
tions (the functions appearing in Ey and E, need not be the same 
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as in Ex): 


Ey 
Kz 


Pex -ccty -h f(x + ct (12-29) 
Pet xe = Ct) otal eect) (12-30) 


The Ex, Ey, Ez give the resultant E, which must satisfy 
OEx i OEy ri OE, 

8x Oy 8z 
Substituting Ey and Ez from (12-29, 30), it follows that since 


they contain only x and t, derivatives with respect to y and z 
will be zero. Hence (12-31) reduces to 


O=V:E= 


(122471) 


OEx 


O = dx 


Which, for practical purposes here, states that E, = 0. If an 
electromagnetic wave is such that E is a function of x and t 
only, then E has no component in the direction X in which the 
wave is propagated; the components Ey and Ez transverse to the 
direction of propagation may exist, hence E is a transverse elec- 
tromagnetic wave.?° ia 

Likewise, as is more or less evident from the similarity 
of the controlling equations for E and H, the magnetic field in-| 
tensity H is also transverse in the case of a plane wave. 


12-10. Relationships between E and H for Plane Wave.- 
When E is a function of x and t only (plane wave), Ex must be 
zero and equation III (Table 12-IV) gives 


HY = 0 and iy il SENS: an SS (12232) 
ot 8x 

which enable H to be calculated from E. Conversely, if H is 

given, and is a function of x and t only (plane wave), then Hx 


must be zero and the components of E may be obtained from 


5. Ok, 20Hz 8E, 6H 
Bri) 0 and 6 oe = ee and 6 oe = "en (12-33) 


These illustrate the fact stated by I and III, namely that a 
non-static electric field is always accompanied by a magnetic 
field, and vice versa, and that when one is known the other may 
be determined. 
If E is taken in the general form (12-29, 30) then H in 
terms of E es Teer cHy = - fs(x - ct) + fe(x + ct), and 
Wen, = -totx = ch) — fax + ct) (12-34) 


10. But not all electromagnetic waves are transverse; the proof here is 
limited to a plane wave. 
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These results may be checked by substituting in (12-32). Now 
E°-H=E H cos(E, H) = ExH, + EyHy + EzH, and substitution of 
(12-29, 30) and (12-34) show that for the incident wave alone, 
or for the reflected wave alone, E+ H=0. That is, cos(E, H) 
which is the cosine of the angle between E and H, is zero. ‘Con- 
sequently E and H are everywhere mutually perpendicular at such 
times that only the incident, or only the reflected, wave is 
present.?+ 


12-1. Polarization of a Plane Wave.- It is usually con- 
venient to consider the arbitrary functions in (12-29, 30) as 
cosines or the equivalent. Since the physical system--the medi- 
um through which the waves are being propagated--is linear,?* 
the part of the resultant field varying at any one frequency is 
independent of the field at any other frequency. Consequently, 

a study of the field when a cosine function is assumed for f, 
will give a typical result. The argument here is similar to 

that used in lumped-parameter linear circuits, in which itis cus-- 
tomary to study the effect of a sine-wave applied emf, on the 
assumption that one sine-wave applied emf gives a result typical 
of all, and that numerous such applied emf's give a result which 
is the sum of those due to each sine-wave. 

Consider the particular case in which 


Ey = A cos B(x - ct) = A cos (wt - Bx) 
and E, = B cos[B(x - ct) - 6] = B cos[wt - fx + 6]. 


(12-35) 


where 6 is a constant phase difference. Write w for wt - Bx, 
and eliminate w between the two equations: 


E, = B(cos w cos 6 - sin w sin 6) 
E s 6 2 
= B(-Z \ /1 - = sin 8) 
or Ey* ue Ez* eee EyEz cos 6 = gin 6 (12 36) 
Af sgh AB a ¢. 


This is the equation of an ellipse (plot Ez against. Ey for vari- 
ous values of w). -The wave (12-35) is said to be elliptically 
polarized. 

If 6 = 1/2 and A = B, eq. (12-36) reduces to 


Ey* + Ez= = Ae 


that is, to a circle. The wave (12-35) is then said to be cir- 
cularly polarized. 


ll, It should be particularly noted that the proof applies only to a plane 
wave, and then only when the incident wave alone, or the reflected wave 
alone, is present. 


12. A definition of a linear system is given in Ch. 1 and is applicable here. 
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If 5=0 orm, eq. (12-36) becomes the equation of a 
straight line and the wave is said to be linearly polarized. 

The terms horizontal polarization and vertical polariza- 
tion are often used; they indicate that the E vector is parallel 
to the horizon, or is vertical, respectively. 

If instead of Ey and Ez, a voltage e = A cos wt and a 
current 1 = B cos(wt + &) were used, eq. (12-36) would become 

2 2 
re +e Be RES ora Le ey (12-37) . 
which is the equation of the ellipse seen on a cathode-ray os- 
cillograph when a voltage is applied to one pair of plates, and 
the drop caused by a current of the same frequency to the other. 


12-12. Energy jn the Fields, and the Propagation of 
Energy-- It will be recalled from elementary theory that in any 
region in which an electric field exists, there is an amount of 
energy 1/2 eE* in each unit volume in the field (1/2 eE? per 
unit volume is similar to the 1/2 Cv* energy stored in the di- 
electric of a capacitor), and likewise in any magnetic field 
there is an amount of energy 1/2 Ho per unit volume (similar to 
the 1/2 Li> of an inductor), so that whenever the two fields E 
and H exist together, the total energy per unit volume is 


5 eE* + = WH joules (12-38) 
The increase in this energy per unit time must equal, in an in- 
sulating medium (no dissipation, generation, or absorption), the 
rate at which energy is supplied to the unit volume. Converse- 
ly, the rate of decrease of the energy in a unit volume per unit 
time must equal the rate of divergence of energy from the unit 
volume; in mathematical form 


= (5 ek? 4 =H?) =V° Pp watts (12-39) 


where P is a vector in the direction of energy flow at each 
point, and equal, in magnitude to the energy crossing unit area 
normal to the direction of energy flow per unit time. It is the 
power flux of Table 12-III. 

It is possible to find P in terms of E and H from the 
basic equations I and III: multiply the X component equation of 
I by Ex, the Y equation by Ey, and the Z by Ez, and add; this 
is the same as taking E in dot product with the vectors on the 
left, and on the right, side of I 


SE 
sen we e 2-40 
chs ee B+ vx (12-40) 
which is the same as 
8 af 2 
See ad 4 e ae 
ae (= sE*) E* Vx H (12-41) 
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as can be seen by writing E* = Ex” + Ey® + E,? and expanding to 
get (12-39). 

Likewise, taking H in dot product with the vector on the 
left, and that on the right, side of III, 


-HH:+ 67 =H-VxE 
or Cee nee Ine oie (12-42) 
ot eh a & 
Adding (12-41) and (12-42) 
8 | 
sy (Ge? + Sun) = H+ UxE-E-+VxH (12-43) 


The two scalars on the right-hand side combine to give 
- V + (E x H), which can be checked by forming ExH in component 
form (see eq. (12-5)), taking y+ of the resulting Vector, and 
comparing this result with the scalar obtained by carrying out 
the indicated operation on the right-hand side of (12-43). Con- 
sequently, 

ib Ou ie sag HH“) = V- (Ex B) (12-44) 

Omi',e 2 oe ets 

which says that the decrease in the. electromagnetic energy in a 
unit volume per unit time is equal tog > (E x ye Since it is 
also equal to 7° Pp, where a is the vector flow of energy across 
unit area in unit time. 


P=ExH watts per square meter (12-45) 


The vector a is known as Poynting's vector, and is ex- 
tremely important in radiation and wave- guide theory. At each 
point in an electromagnetic field, it gives the direction of 
energy flow and is in magnitude equal to the energy crossing 
unit area in unit time.*° If the energy alternately flows away 
from a source (such as a current in a wire) and returns without 
diminution, there is no net energy radiated; if energy flows 
away from a system and only part returns, the difference is 
permanently lost to the source and is said to have been radiated. 
(This assumes an insulating medium in which there is no dissipa- 
tion.) When energy is radiated, there must be at least one re- 
gion over which P is always directed away from the source. 


13. The use of P is not restricted to radiation; Pwill, for example, give 
the magnitude and direction of energy flow at each point in the medium 
around a 60-cycle three-phase power line. Such a result is seldom needed 
in power work, since the total energy being transmitted can be computed 
from currents and voltages, and there is little interest in the distribu- 
tion in space of the energy being transmitted. 
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For the type of medium specified in Sec. 12-7, the above 
discussion has been general. We now apply it specifically to 
the wave 


E = iEx + jEy + kEz = jA cos(wt - Bx) (Ex = E,= 0) (12-46) 
for which, using Til, 
H.= iH, + jHy + kH, = k : A cos(wt - Bx) (H, = Hy =0)(12-47) 


This is a plane wave (the values of E and H are the same over 
any plane perpendicular to X, and any such | plane is a wave-front), 
@ transverse wave (E and H are perpendicular to X), and a lin- 
early polarized wave (E is always parallel to Y, and lies in the 
XY plane, which is the plane of polarization), traveling in the 
+X direction.?* The instantaneoous electric field energy per 
unit volume is 


We = 5 ek* = = €A> cos* (wt -= px) (12-48) 
and the instantaneous magnetic field energy per unit volume 
a 
WH =5 uH = = eA” eoa- (ute px) (12-49 ) 


whence, for this particular wave, We = Wg at each point and at 
each instant. The energy flow is given by 


P=ExH= (j x k) EyH; = ifs hcos (ert! Bx} (12-50) 
im is in the X direction and is always positive, hence the given 
electromagnetic field is one in which energy is always being 
propagated in the +X direction (direction of 1). The instan- 
taneous rate at which oneues - crossing any unit area perpen- 
dicular to X 518 V( (e/u) A> cos” (wt ~ 8x); the average rate is 
1/2 V(e/u) A® 

The fact that P is in the +X direction and always posi- 
tive is important. It indicates that energy is always flowing 
in the +X direction. This energy is always traveling away from 
the source of the waves--it is thus being radiated away from the 
source. Le.P were alternately positive and negative, energy 
would be flowing away from the source part of the time, but back 
toward the source another part of the time. At low frequencies 
the energy stored in the magnetic field associated with an in- 
ductor (1/2 Li~), and in the electric field associated with a 
capacitor (1/2 Cv”), is of the latter type, and radiated energy 
is negligible for practical purposes. Thus Poynting's vector 


14. The ratio H, /By is ui /e and is sometimes called the impedance of the 
medium for plane waves; it 1s equal to 377 ohms. The corresponding ad- 
mittance Ve /p is 2.65 millimhos. Note from (12-46 and 12-47) that 
ky and H, are always in phase at a given point. 
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in the low-frequency case would show energy alternately flowing 
away from, and returning toward, the wires of the inductor or 
the plates of the capacitor. 


12-13. Fields Set up by a Current in a Straight Wire.- 
Plane waves are convenient for illustration and important in > 
their own.right, but it is evident that a current in a straight 
wire is not likely to set up plane waves in the surrounding me- 
dium. There is a symmetry such that, at any point in a plane 
perpendicular to a straight current-carrying wire, we would ex- 
pect to find E (also H) equal in magnitude and in the same di- 
rection relative to the wire as at any other point in the plane, 
at the same distance from the wire. 

A linear antenna?’ is a straight current-carrying wire, 
and the next problem is to determine the radiation from it, that 
is, the fields which will be set up in the surrounding medium 
due to it. The problem may be solved directly by specifying the 
current in the antenna, but this requires an extension of the 
theory not warranted here. Instead, we can obtain the desired 
result by a method of judiciously guessing the fields and show- 
ing that they fit the conditions. 

Before proceeding, it may be well to inquire why the 
fields are not calculated to determine H by some familiar method 
such as applying Ampere's law in the form given in elementary 
texts. The reader has undoubtedly at one time or another used 
this method to find the magnetic field due to a current in a 
single straight wire, and has obtained a result which (1) holds 
only at low frequencies, and (2) probably did not indicate the 
concomitant electric field. For results applicable at high fre- 
quenices, it is necessary to find the fields more accurately, as 
we will now proceed to do. 

The problem may be formulated thus: we seek fields E 
and H which satisfy the following conditions: 

1. They must satisfy the Maxwell equations, or their 
equivalents for present purposes 


- 1 9°75 
VE =-s=-5 and V- E=0 (12-51) 
=_ oc Ot = 
2 ‘ 
te VH=ip># and Vv: H= 0; (12-52) 


2. They must be such that E (likewise H) has the same 
magnitude, and the same direction relative to the antenna, at 


15. Rigorously, "An antenna is a conductor or a system of conductors for ra- 
diating or receiving radio waves, exclusive of the means for connecting 
its main portion with the associated apparatus," I-R.E. Standards, defi- 
nition 2Tl. A linear antenna is a straight wire of negligible diameter. 
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all points equidistant from the antenna in a plane perpendicular 
Pe Nae Bi 

3. The magnetic lines of force (lines everywhere parallel 
to H) must be circles lying in planes perpendicular to the an- 
tenna (this will be recognized as a low- frequency rule and holds 
equally well here); 

4, The fields should be such that at low frequencies 
they reduce to known fields; in this way we can relate the fields 
determined under conditions (1), (2), and (3) with the source of 
the fields and, in particular, can try to show that certain 
fields are those due to the current in the linear antenna. 

To make the problem definite, take the Z-axis along the 
antenna, choose the origin O on the antenna, let r* = x® + y? 

+ z= be the square of the distance from 0 to any point Q whose 
rectangular coordinates are xyz, and let 6 be the angle from 
+Z to 0Q (90° - © is called the elevation angle, or simply the 
elevation, when Z is vertical). See Fig. 12-3. 

By condition (3), 

H must be perpendicular to 
Z, that is, to the unit 
vector k, and by the fourth 
Maxwell equation 7 - H must 
be zero. If gm is any scalar 
function of position (xyz) 
and time (t), kg is a vec- 
tor, and Vx(ko) is perpen- 
dicular to k (when expanded 
vy x(k) has no component in 
the k direction). Further- 
more, a simple expansion 
shows that V- V x (kg), 
Fic. 12-3, Antenna (heavy line at origin that is, V + of the vector 
0), any point Q whose coordinates are Vx (ko), is zero; thus, 
wyz inthe X YZ rectangular Cartesian if we take for a. trial 
coordinate system, or, 70¢ in the spherical 

coordinate system indicated. H=Vx (k 9) (12-53) 


the requirement V - H = 0 
will be fully satisfied and 
condition (3) will be part- 
ly satisfied. It will be fully satisfied, if, instead of being . 
any function of xyz and t, 9 is a function of r and t only. That 
is, we want » to be expressible in terms of r and t alone, with- 
out having any x, y, or z appearing explicitly. 
To show that if 


9 =9(r, t only) (12-54) 
then H satisfies condition (3), note that 
: ie. oe OL S 582. 12- 
H=¥ x (ko) = 165 - dos (12-55) 
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and when (12-54) is satisfied 


pk DEL pe phOeee 
soul rE by  2darax ‘— ~ J*/ > Gr 


me: d d 
(ee ae (ri xk) = -(kxn) 2 (12-56) 


where r = ix + jy + kz is the vector from 0 to any point Q whose 
coordinates are XyZ, and r, is a unit vector in the direction of 
r. Now r, x k has a magnitude sin nae Since 8 is the angle be- 
tween k and as and has a direction perpendicular to k and r. 

It is thus tangent to a circle, in a plane perpendicular to ae 
passing through Q and with center on the Z-axis. As Q moves in 
this plane at a constant distance from Z, H remains tangent to 
the same circle and its magnitude remains fixed (both r and 
dg/dr remain fixed since r is unchanged). Hence, when 9 is re- 
stricted according to (12-54), H is given by (12-56) and satis- 
fies condition (3), and incidentally, also satisfies condition 


(2). 
Another requirement on H is that c®V?H =67H/8t?. For 
H given by (12-56), it will be sufficient that 


ic 
V9 = sas up ee 


because then 69/6y and -Og/Ox, that is, H, and Hy, will satisfy 
(12-52). 

Since ~ now depends on r and t, @ solution as simple as 
(12-28) cannot be obtained. However, if f, and f, are any func- 
tions, 


oe = Sele ot te : fo(r + ct) (12-58) 


is the solution, as can be shown by direct substitution. We 
will arbitrarily take the case in which f, = A cos f(r - ct) 
and fs = QO, so that 


Qo = = cos..f (r- ct) = “ cos (wt - fr) (12-59) 
and it will be sufficient if the reader is convinced by substi- 
tuting in (12-57) that this is a solution of (12-57). 

For 9 as just given, (12-59), equation (12-56) gives 
for the magnitude H of H 


H = A sin 6 [soe eet op int - a (12-60) 
= eee V1 + B¥ r= cos (wt - pr + 8) (12-61) 


where 6 = cot (fr), and H is in ampere-turns per meter. 
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To summarize, this section was begun by formulating a 
problem, next. an expression for the H field was obtainea by 
guessing at a solution that would satisfy one of the conditions 
originally set down, and finally a complete expression was had 
by successively modifying the assumed solution until all condi- 
tions were satisfied. We now have a field H, which is a phys- 
ically possible field (satisfies Maxwell's equations) and which 
also must be closely related to the field (local plus radiation) 
of a current in a wire. 

To investigate further, assume the low-frequency case: 
frequency f =w/2nsmall, period T large, wavelength A large, 

8 = 2x/A small, and look at the field in a region in which 

r << A(at 60 cps, A = 3000 miles in empty space; the region 

r << A includes virtually all the space in which a field measure- 
ment might be made). Since f is very small and r << A, fr will 
be negligible for practical purposes, cos(wt - Br) becomes cos 
wt, and ‘the second term of (12-60) is negligible, hence 


H = (A cos wt) me (122625 
k 
or H= == (A cos wt) 


This is a low-frequency case, and in such a case Ampere's law in 
its usual form states that the field H due to a current i ina 
length of wire ds lying in the Z (k) direction is 


tate Ae oe 
ans enr 


The field H given by (12-63) and that given by (12-62) are the 
same provided 


i ds (12-633 


4 ds/2n = A cos Wt (12-64) 


In other words, we surmise that the field (12-60) is the whole 
magnetic field at any frequency due to a current i = I cos wt 
in a length ds of wire lying in the Z direction, provided A is 
replaced by I ds/on. The first term on the right-hand side is 
the field usually considered at low frequencies--it is called 
the local or the induction field. At high frequencies this 
field is important near the antenna -(r-< 2A), but at distances 
far from the antenna (r >> A), the first term is negligible,*© 


and 
H = (k x r,) Ap sin (wt - pr) (12-65) 


16. It is well to emphasize that near the antenna (r< 2A), the local field 
is important, and measurements in this region will not give the radia- 
tion field, irrespective of the frequency. 
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H = ——— sin (wt - fr) = 0.021 Af eae sin (wt - Br)(12-66 
where f is in Mc, the field thus defined is termed the radiation 
field; it decreases with the distance as l/r; it varies with 
elevation (90° - 6) from a maximum in the 9 = 1/2 direction to 
zero in the direction coinciding with the antenna (8 = 0). 

The electric field E which is the necessary accompaniment 
of the H field given by (12-65) can be obtained by using the 
first Maxwell equation € 6E/8t = V x H in component form. Thus 


OH, 
ss Sea aa Ss - (ae) 


and since Hy, Hy, and Hz, are specified by (12-55), these can be 
inserted on the right-hand side, and the resulting equation for 
8E,/Ot can be solved for Ex. Likewise Ey and Ez can be found. 
The results are slightly complicated and are given in a foot- 
note.7?” We, however, can combine Ex, Ey, and E, by projecting 
each component in the r, direction, and in a direction 6, where 
8, is a unit vector (unit magnitude or length, not unit angie) 
in a direction perpendicular to r in the k, r plane, as shown 
in Fig. 12-4. This direction (81) is called the "6" direction 
because it is the direction in which the point Q would move if 
@ were increased slightly. The component —& of E in the r, di- 
rection is, recalling that the dot product of two vectors is the 
scalar equal to the product of the magnitude of one by the mag- 
nitude of the component of the other parallel to the first, 


re&z 


By = ri + B= 25s = (xBy + yEy + 2x) (12-68) 


and the component Eg of E in the 9, direction can be obtained 
from 


17. Ex =x2zu Hy =x V 
Ey =y zu Hy = -y V 
Ez = 2°U - r~(U +U') H, = 0 
bal 
where — E (sin w + Br cos w) 
U aan (p°r® - 3) sinw+ 36r cos w 
1 

Vv Mie wBr sin w)/r? = = fl + B>r> sin (w+ &') where 6 

= cot *(Br) 


w=Wt -fr and\/p./€& = 377 ohms. 
It follows that Ey Hy + EyHy + EzH, =0, that is, that E is perpendicular 
to H. Thus E at every point lies in a plane containing the linear radi- 
ator, whereas H at every point is perpendicular to this plane. 
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5 x 
Fic. 12-4. : Diagram showing the unit 
vector ijk and also r; and 6;. Note that 
r, and @ are in fixed directions, but ri 
and 6, change directions in going from 
point Q to any other point. 


- Bg” + Ey? = E = Ey* + Ey” + E,? (12-69) 


Relegating details to a footnote, the vector electric 
field E at any point whose distance from 0 is r and whose eleva- 
tion is 90° - @, has components 


2 A cos 6 


eS [sin(wt - Br) + Br cos(wt - pr)] fi? -TD) 
Ee = Abe [sin(wt - Br) + Br cos(wt - pr) - p2r2 


sin(wt - pr)] ‘ereee 


At low frequencies, e.g., 60 cps, the terms with B(= 2n/a = w/c) 
in them will be negligible for all values of r of practical in- 
terest (A = 3000 miles for f = 60 cps, hence r will be much less 
thanA). At high frequencies (f large, A small) the only term 
which will be important when r is appreciably > A (for f = 300 
megacycles, A = l.meter, hence the practical working region is 
in the range r >A) is 


ee Stee : : 
gy - SHY SING gin (wt - pr) =\/H w= 377 H (12-72) 


This 13 the radiation electric field corresponding to the radia- 
tion magnetic field H. 


18. From the previous footnote, xEx + yEy + zE, = (x* “+ y~ + z°) zU - zr“U! 
= = zr-U', whence Er = - zrU'= - r“U' cos 6. Likewise, Ex* + Ey" + | es 
- Bp rez7u? + r*(U+ U')* - 2 rz7U(U + U') + r°27u'? = r°(r* - 2°) 
(U + U')*; whence Eg = r~ sin @ (U+U'). 
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We may stop to observe one fact whicn may help to bring 
out the distinction between the theory here developed and low- 
frequency theory. If we form Poynting's vector Ae = E x H, we 
get the energy crossing unit area in unit time at any point. 
Using the general forms of E (equations 12-70-and 71) anece 
(equation 12- 60), the development’? will show that every term 
alternates in sign except one. Thus the’ energy surges away from 
and back toward the source, and is not radiated, except for the 
energy corresponding to the one term. At low frequencies the 
terms alternating in sign are important in virtually all regions 
of practical interest, and the term of fixed sign is negligible. 
Hence, at low frequencies (e.g., 60 cps) there is no practical 
error in neglecting vadiation. On the other hand at high fre- 
quencies the dominant term in P is, for r >>A, 


ae 2 
=i /h we - x SAO SO sineQwt - pr) — (12-73) 
which is simply the vector E x H using only the radiation fields. 
At high frequencies, near the source both the local and the ra- 
diation fields are present, energy corresponding to the former 
surging out from, and back toward, the source, and energy corre- 
sponding to the latter moving away from the source; at high 


19. The vector § giving the instantaneous direction of energy flow at any 
point and the instantaneous rate at which energy at the point is cross- 
ing unit area perpendicular to the direction of flow, must be perpendic- 
ular to H everywhere (since P = Ex H). Since we have already shown that 
E is perpendicular to H, P and E must lie in the same plane, and are at 
right angles to one another in this plane, which is the plane containing 
the linear antenna. Thus Ff, like E, may be resolved into two components, 
one P, parallel to r; and one Pg parallel to 0,. By recalling that rj, 
61, and 9, are mutually perpendicular at each point, although they may 
vary in direction from point to point, it may be recognized that 9, x ry 
= @, and @i x0; = -ri. Thus, P= Ex H=(riky +0:E9) x QiH = - OiEyH 
+ r,E9H; whence, 


Py = A' (P, + Br? sin*w) sin® @ 
Pp = - A' Po sin 6 cos 8 
where Pyar ae B@r* sin 2w + Br cos ew 
Po = 1-*r* sin 2v+fr cos Ow 
2 2 2 
AX p 189A KA 
Al aise = 434-= 
apr> & Br> 7 x 


w 2=wt - Br 
If we stop at any point Q, thus fixing r and 0, and observe the varia- 
tion of P with time t, it is seen that every term in P; and Pp 1s peri- 
odic--alternately positive and negative--and only the term A'Ber Sgin@w 
sin® @ = 0.082 aie sin20@ sin*w has an integral over a period which is 


different from zero. 
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frequencies and at distances r >> A (most of the practical work- 
ing region is included), the radiated energy alone is present 
for practical purposes, 


12-14. Summary of the Preceding Development.- Starting 
with four fundamental laws of electromagnetic theory, and the 
further fact that a varying electric field (displacement current) 
produces a magnetic field just as a conduction current produces 
@ magnetic field, it has been possible to outline the magnetic 
and electric fields in the medium about a very short, thin 
straight wire carrying a current. These fields may be consid- 
ered as the sum of local fields, which are the only fields of 
importance at low frequencies; and radiation fields, which are 
important here. Low-frequency laws such as the usual elementary 
form of Ampere's law give only the local fields and consequently 
omit consideration of radiation. Here the process has been dif- 
ferent: general results for the fields have been derived from 
which either the low-frequency or the high-frequency (radiation) 
parts can be obtained. 

Assuming the antenna to be on the Z-axis at O in Fig. 
12-3, the vector electric field intensity E at any point Q dis- 
tant r from the antenna and at elevation 90° -6 is, in volts 
per meter, 


Af ein @) 


E = 0) (7.9 = 


sin (wt - Br) (f in Mc) (72274 } 
provided r >> A. This is the radiation electric field, and the 
direction of E is in the direction of the unit vector 6), as 
shown on Fig. 12-4. Likewise, the vector magnetic field inten- 
sity H at any point Q is given under the same conditions by 


ete | bin MRAP Ta). aeeaan Mods (22475) 


H = OF a 
where the direction of H is indicated by the unit vector 9,, 
whose direction at each and every point is perpendicular to ‘the 
plane containing r (= 0Q) and Z. 

The energy always flowing away from the antenna which 
crosses any unit area perpendicular to r in unit time is 
2 n2 

P=ExH= r, (0.26 ——a | sir? (wt - Br) (12-76) 
watts per square meter (f in Mc), where Pi indi Cates” shal the 
flow is in the r direction (away from the antenna). At low 
frequencies this is negligible, and energy flow is composed of 
energy flowing alternately out and in, with no net radiation, 
as indicated in footnote 19. 


Peemi ger Sortes fevers se eda és 
20. Note that E and H are directly proportional to f, and P to f”. 
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12-15. Energy Radiated by Short Antenna; Radiation Re- 
sistance-- Since there is no dissipation, absorption, or genera- 
tion of energy in the assumed medium about the antenna, the total 
energy radiated per unit time can be obtained by integrating P 
as given by (12-76) over the surface of any sphere, radius r, 
center at the origin 0. An element of area (zone about Z-axis) 
of such a sphere is 

dS = r, 2nr* sing de 


and the integral of P - dS for 6 ranging from 0 to nm gives the 
instantaneous total energy crossing the spherical surface. In- 
serting the average value of sin“(wt - fr), which is equal to 
1/2, yields the average energy radiated per unit time: 

Ry e0.00 Bots watts (f in Mc) (Aa 77a 


Thus for the short antenna, omitting. time factors, 


H = Ho =\/Pr oe amperes per meter 
E = Eg =\VPr £9 sin 0 volts per meter 
2 -_- 
P = Py 0.04 esse watts per square meter lee 
Pu.= 0267 A-8 = watts 


"Radiation resistance ~ 1s the quotient of the power ra- 
diated by an antenna by the square'of the effective antenna cur- 
rent measured at the point where the power is supplied to the 
antenna." Thus for a short antenna the radiation resistance is 


Pr 
Tyne 
where A is wavelength and h has been written in place of ds for 
the length of the very short antenna (it will be recalled that 


A = I ds/2n and up to this ‘point the various formulas developed 
have been for a very short antenna only).. 


2 2 
Ry = = 0.67 i = 1579 Sr ohms (12-79) 


12-16. Current Distribution Along a Linear Antenna,- 
The magnetic field H given by (12-75) is the field due to a cur- 
rent i in a length of wire k ds, provided A is replaced by i ds. 
Actual antennas being of finite height, we may either consider 
that (12-75) is an approximation to an actual antenna when A is 
replaced by If, where { is the length of the antenna and I the 
current at some point in the antenna, or we can be more accurate 


21. Standards on Transmitters and Antennas, I.R.E., 1938, p. 9. By "effec- 
tive current" is meant the quantity often called the rms current, indi> 
cated in (12-79) by Inmg- 
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and consider the antenna to be composed of elements of length ds, 
find the field due to the current in each element, and sum (in- 
tegrate) to find the field due to the entire length {. The lat- 
ter method requires that the current in each element ds of the 
antenna be known. 

A thin straight-wire (linear) antenna is quite similar 
to a transmission line in so far as current distribution is con- 
cerned. Consider a single-wire transmission line parallel to 
the earth, which will be assumed a perfect conductor. If the 
load or receiving end of the line is open-circuited, and a sine- 
wave voltage applied at the sending end, it has been shown in 
Ch. 11 that there will be a distribution of current and voltage 
along the line which, when the attenuation constant “ is small, 
will be a standing-wave distribution. This is illustrated in 
Ch. ll. 

A linear antenna is a straight wire whose electrical 
length (1.e., length measured in wavelengths) is usually much 
greater -than that of a 60-cps power transmission line. Whether 
the antenna is vertical, horizontal, or otherwise disposed, it 
has effective resistance, inductance, capacitance, and leakage 
per unit length which are substantially uniform. In addition, 
radiation resistance, which can be conceived as a fictitious 
circuit element accounting for the energy lost to the system by 
radiation, may likewise be considered to be distributed approxi- 
mately uniformly along the antenna. 

Experiment *“ shows that the net result of all these fac- 
tors is to produce current and voltage distributions quite sim- 
ilar to those on transmission lines. The agreement is not exact, 
but is good enough for most practical purposes. The capacitance 
at the end of an antenna, resulting from the cessation of unt- 
formity so that the end may be considered to form a capacitor 
with a large part of nearby conductors such as the earth, some- 
times causes important differences, and the lack of constancy 
of parameter values per unit length may likewise give rise to 
discrepancies. These and other causes may result in a specific 
antenna having a length different from that calculated on 4 
free-space wavelength basis, for example "half-wave" antenna 
may be 0.48 wavelength, or some other length, long. But, on 
the whole, a linear antenna excited by a sinusoidal voltage will 
have, a distribution of current which approximates closely that 
which would exist on a transmission line under similar condi- 
tions of excitation, and termination. 

In the following treatment, a standing-wave sinusoidal 


22. Gihring, H.E., and Brown, G.H., General Considerations of Tower Antennas 
for Broadcast Use, Proc. I.R.E., 23, No. 4, April (1935). Numerous other 
papers on current: distribution in antennas have been published. 
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distribution of current on a linear antenna will be assumed un- 
less otherwise stated specifically. 


12-17- Fields Due to a Linear Antenna of Finite Length.- 
In all the discussions of Sections 12-15 and 12-16 the factor A 
has appeared, and it will be recalled that if the instantaneous 
current i in a length ds of the linear antenna is varying sinu- 
soidally (i = I cos wt), then A = Ids and the fields (12-74) and 
(12-73) are the E and H radiation fields, respectively, due to 
the current in this element ds of the antenna. We can now list 
three aspects of the problem of the linear antenna of finite 
length. 

1. If the length ~ of the antenna is small in comparison 
with the wavelength A, ds may be replaced by f and the fields ~ 
given by (12-73) and (12-74) will be reasonably good approxima- 
tions. 

2. If << A [as in (1)] or if 2 is not small compared 
with A but is <A, then ds may sometimes be replaced by an "ef- 
fective height" h of the antenna. This approximation has been 
used particularly in connection with relatively low radio fre- 
quencies (e.g., frequencies less than those of the commercial 
broadcast band, order of magnitude of 1 Mc). 

"The effective height of a grounded antenna is defined 

I ds divided by Io, where I is the total vertical current 
in the antenna structure at height s, and I, the current at the 
point where power is transferred to or from the connected ap- 


paratus."*5 Thus Ip h -f' I ds. Now if the antenna is vertical, 


and the field in the plane 6 = 909 (horizontal plane) is consid- 
ered, then replacing A by V2 Ioh/2n in (12-78) yields 


eesths 8eh.5 Ee 
see MD: jad Din ea’ De 


where E is the rms field strength of the radiation field, r is 
distance in meters from the antenna to the point in the horizon- 
tal plane at which E is being measured, and I, is the rms value 
of the sinusoidal input current to the antenna. If the antenna 
is grounded, or if the effect of the ground (earth) must be tak- 
en into account, or if the atmosphere does not act exactly as a 
perfect insulator but absorbs some energy, a factor may have to 
be introduced to allow for the change in E due to these causes. 
Aside from this factor, (12-80) indicates a method for deter- 
mining h experimentally. 

Use of the effective height h permits an allowance for 
the variation of current along the antenna, but makes no allovanaal 


meters (f in Mc) (12-80) 


23. Standards on Transmitters and Antennas, I.R.E., 1938, p. 28, section 5. 
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for the fact that the distances from any point Q to various parts 
of the antenna are different except (practically) when Q is ina 
plane perpendicular to and passing through the antenna. These 
differences in "path length" are quite important in directional 
patterns, and consequently the use of effective height h is not 

a@ substitute for the more exact results to be given in (3) fol- 
lowing. 

3. A more comprehensive method of taking into account 
the finite length of a linear antenna is to determine the total 
field at any point by summing the individual contributions due 
to the current in each element of length ds of the antenna. This 
method includes (1) as a special case and gives a more exact re- 
sult than (2). It is particularly important in obtaining the 
directional pattern of an antenna, to be discussed in the next 
section. 

} We will assume, in accordance with the discussion in 
Sec. 12-16, that the instantaneous current 1 in each element of 
length ds of the antenna varies sinusoidally with time (i = I 
cos wt) and that I varies along the length { of the antenna in 
such a@ manner that 


Tisvieesin § (f>-.5) (12-81) 


that is, the current in the antenna constitutes a standing wave. 
I,, 18 the value at a loop, and the input current to the antenna 
is I, sin p(f{ - s,) where sy is the distance from the end of the 
antenna from which s is measured to the point on the antenna 
where the input line is connected. 

Referring to Fig. 12-5, the distance r from an element 
ds of the antenna to any point Q is 


r=R-s cos 06 (i228) 


and this’ is so closely equal to R that no appreciable error will 
be introduced in using R for r in most cases. But in sin (wt 
'-.Br) the total value of r is inconsequential,. since any integer 
multiple of 2n may be subtracted from fr without changing the 
value of the sine. A relatively small change in r may produce 
a relatively large change** in sin (wt - fr). For this reason 


2h. For example, if A= 10 meters > ‘- = 5 meters » R= 3000 meters and r= 34003 
meters, the change r - R is one part in 1000, but sin (wt-fr) = sin 
(wt-0.6n) and sin (wt-fR) = sin wt so that the change in the sine is rela- 
tively great. 

To look at the matter in a physical manner, consider radiation leaving 
an element at the bottom of the antenna (distance R to Q) and radiation 
leaving at the same time an element at s ( distance reto Q). The former 
must travel a greater distance R-r, which at velocity c will require an 
additional time (R-r)/c. Thus thé two radiations will be out of phase by 
a corresponding amount, and will arrive at Q at different times, The 
radiation from the element at O on the antenna arriving at Q at the same 
time as that from the element ds at s will have started (R-r)/c earlier, 
and at this earlier time the current in the antenna was different in time 
phase wt ) from what it was when the radiation at s started. 
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0 (b) 


Fic. 12-5. (a) Antenna, length J, ds any element of length of 
the antenna at distance s from 0; Q@ is point at which radiation 
is to be calculated. (b) Enlarged view of antenna, showing as- 
sumed distribution (dashed) of rms value of current along an- 
tenna; Jm is the maximum value of the standing wave. 


it is necessary to use (12-82) in sin (wt-fr) but not necessary 


elsewhere. By (12-66), 


H due-to ids = sof sin 6 sin (wt-fr) ds (12-83) 


Hence, using (12-82), 


rent in ante R if sin {({-s) )sin(BR-Bs cos0-wt)ds 


oe sin (a-fs) sin (w-bs) ds (12-84) 


H due to total al =i Beeline @ 


where a=B6f, w= ut - Br, and b = 6 cos 86. : 
Since 2 sin x sin y = cos (x-y) - cos (x+y), 


a ef poate ~ w - (f-b)s)]ds SL costs +w- (6 + b)sids 


and since each integral is of the form of the integral of cos(m 
+ ns) ds, it is a matter of integrating, substituting limits, and 
manipulating to show that 
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HR sin @ = (cos bf - cos 6f) sin w + (cos® sin Bf - sin bf) sinw (12-85) 
or finally H = =2 F(6) sin (w + 8) (12-86) 


where F(@) is the directional factor (gives the variation of 
magnitude of H with @): 


14 1 
F(6) = oer [1+cos* B£-2 cos bf cos Bf - 2 cos @ sin df sin b+ cos26 ain BF 
(12-87) 
Values of F(6) for specific cases are given in the fol- 
lowing Table 12-V and curves of F(@) are shown in Fig. 12-6. 
TABLE 12-V 
Directional Factors of Isolated Linear Antenna 


2 cos (4 cos 8) 
sin @ 

Very short Bf sin 0 

/Any odd number of 2 cos( cos @) 


+ 
half -wavelengths Caer t sin @ 


Half -wave 


Any even number of 2 sin(Gt cos 6) 


half-wavelengths sin § 


cos20-2 cos 8 sin(s cos 8) 


Quarter-wave 
sin 0 


Three quarter-wave - cos-0+2 cos @ sin( cos 8) 


lengths 
Any length: FXG) aa 6 [1+c0s* Bf+cos~6 sin?Bf- 2 cos bf cos Bf 


- 2 cos 6 ain bf sin Ble where b = f£ cos @ 
12-872 


These curves are directional patterns. "The directional 
pattern of a transmitting antenna is the polar characteristic 
which indicates the intensity of the radiation field at a fixed 
distance in different directions in space~”....." The most gen- 
eral information which could be given would be a three-dimensional 


diagram showing radiation in every direction in space.*° It is 


25. Standards on Transmitters and Antennas, I.R.E., 1938, p. 30. The para- 
graph from which the quotation is made continués, "Similarly, the direc- 
tional pattern of a receiving antenna is the polar characteristic which 
indicates the response of the antenna to unit field intensity from dif- 
ferent directions. For a given antenna the two characteristics are iden- 


tical in shape." 
26. Examples of three-dimensional radiation directional patterns are given in 


Foster, Ronald M., Directive Diagrams for Antenna Arrays, B.S,T.S., 5, oo 
No. 2, April (1926) , and in Southworth, G.C., Certain Factors Affecting 
the Gain of Directive Antennas, Proc. I.R.E., 18, No. 9, Sept. (1930). 
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Q) 2sin@ 


F ( 


cos (¥ cos @) 


(@) = 
f sin @ 


FIG. 12-6a. Faia (outer curve ) 
+d (inner curve) 


ei 
a 


FIG, 12-6b, 
F(6) = hunks cos. 6) 


sin 
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FIG, 12-6c. f=4 


F(6) = las a — _ 


seldom feasible to do this, and in consequence, two-dimensional 
patterns showing radiation in a given plane are used. Although 
Fig. 12-6 is labeled "Vertical Radiation Patterns, etc." it is 
well to bear in mind that this is conventional jargon. The an- 
tenna can be placed in any position, and the patterns shown are 
those which obtain in any plane containing the antenna. The 
"horizontal pattern" of a vertical antenna is simply a circle, 
from symmetry. But if the antenna is placed in a horizontal 
position, the directive pattern that is called the vertical 
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FIG, 12-6d. f{ =2 
sin(2™ cos6) 
ah ¢: Br sin 6 


radiation pattern in Fig. 12-6 becomes the actual horizontal pat- 
tern, and it is seen that a half-wave horizontal linear antenna 
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has a distinct directional pattern in the horizontal plane where- 
as a vertical half-wave antenna radiates equally well in all di- 
rections in the horizontal plane. 


12-18. Effect of Ground or of a Perfect, Flat Sheet, 
Reflector.- In many cases--for example, that of commercial broad- 
cast antennas--the ground can often be assumed to be a perfect 
conductor. At ultra-high frequencies, flat sheets of conducting 
material are sometimes used in back of an antenna as reflectors. 
The problem of determining radiation at a given point when the 
antenna is attached to or near a perfectly conducting flat sheet 
may be handled much like that of the radiation from an "isolat- 
od" linear antenna (Sec. 12-17) by recalling two propositions 
of electromagnetic theory: 

1. At the bounding surface of a perfect conductor the 
component of E tangent to the surface must be zero. The compo- 
nent of E normal to the surface that results when a wave strikes 
the surface is double what it would be if the surface were ab- 
sent. 

2. Any arrangement of conductors, surfaces, sources, 
etc., which produces the same conditions over the surface or 
surfaces of a given region as are produced by a different ar- 
rangement of surfaces, sources, etc., will produce the same 
fields within that region. 

Figure 12-7b shows how a vertical antenna, connected to 
the ground at its base, and an "image antenna" with a current 
distribution similar to the first, but ‘opposite in phase, will 
produce above ground fields exactly equal to those produced by 
the actual antenna attached to the perfectly conducting earth 
(Fig. 12-7a). It is not necessary that the antenna be grounded, 
and the argument holds equally well for antennas above the 
earth, and for antennas in front of large flat sheets of con- 
ducting material (perfect conductivity assumed). 

Considering the actual problem posed by Fig. 12-74, and 
using the equivalent shown in Fig. 12-7c, the magnetic field H 
at Q is the sum of the fields due to the actual antenna and to 
the image: 


H = s asin sin (wt -Bpr)de+ oS, teint sin (wt - Br )ds 


Bipot Binsine{ sf sin B(f-s) sin[B(R-s cos®) -wt] ds 


uA sin B(f+s8) sin[B(R-s cos @) -wt ] ae } (12-88) 


which, after some reduction, yields 


n= 2lm cos (Bf cos 6) - cos Bf final 2 62) (12-89) 


R- sin § 
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Q 


R 


Ground 


Fic. 12-7a. The original problem: Vertical antenna connected to 
ground (assumed perfect conductor); current distribution in an- 
tenna shown at left; fields at Q to be determined. 


g 
Variation of } / ae E due to image alone, ground absent 
~ aie 
rms value of |_| See current in image 180° out of phase 
current along( | feet with current in antenna, 


E due to 
antenna alone, 
ground absent, 


antenna \ 


Antenna 


E due to image 


ee 
OD / Za . 
Variation of | Pie alone, ground absent, 
Be current in image in 
rms value of | | 2 h 3 
eee kee Tae ites phase with current 
g = In antenna. 


image 


Small arrows indicate that the instantaneous current in the 
image is 180° out of phase, relatively, with the instantaneous 
current in the antenna. 

Thus for the antenna, i=Zm sin B(l—s) cos wt, 

and for the image 7=Im sin B(l+s) cos wt, 

i for the antenna being assumed positive in the direction of 
the arrow, and 7 for the image being assumed positive in the 
direction of the arrow on it, which is not the true image 
direction but opposite to it. 


Fic. 12-7b. Illustration of how antenna and image produce the 
same conditions over a surface as exist when that surfaceis the 


surface of a perfect conductor. 


{ 4 Antenna 


‘ f Image 


Fic. 12-7c. The equivalent problem, solution of which yields 
the solution of the problem of Fig. 12-7a. 
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or H = aa F(@) sin (wt - fr) (12-90) 
ess p(e) ~ 208 (Bf cos @) - 008 Bf saves the at- 


rectional pattern of the antenna. If we plot F(6) against 6 
(usually on a polar diagram, as previously indicated, but in 
u-h-f work it is sometimes preferable to plot in a rectangular 
system, using @ for abscissa), the relative radiation at points 
@ given distance R from the antenna is obtained. Figure 12-8 


Outer Curve 
=0.293 sin O 


1 
FIG, 12 .8e. £ i eh 


ws 
wc Ysera coe. Dn: On 07 


cos (F cos @) 
sin @ 


F(e) = 


FIG. 12-8. (=— 


F(0) = cos(F cos @) 
sin 
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F(@) = eos (} % cos 6) + 0.707 
RR Or Ry TT, METERED hon 


[ © @)/1.707 plotted } 


FIG. 12.8. 4 = +d 


F(8) ~ soe(Rcos 6) 41 
sin 


[F(0)/2 protted] 
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Fic, 12-8. { = 


F(@) = cos (f= cos 0) + 0.707 


gin 9 
[ F(@)/1.707 plotted] 


FIG, 12-8f. (=K 4k 


F(@) = cos (An cos8) . 
sin 
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F(6) = cos(f-cos 6) - 0.707 
; Sin 


[F(6)/2 plotted ] ; 


FIG, 12-8n. { =X 


gin ] 
[ F(O)/2 plotted } 
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shows a number of such directional patterns. 

In the case of an antenna in front of a flat conducting 
sheet (of large extent), the patterns are halves of those for 
180° phase difference given in Fig. 12-10, 


12-19. Input Impedance of an Antenna.- At the terminals 
at which an antenna is to be fed, there is a definite impedance 
which loads the transmission line leading to the antenna. This 
impedance is the impedance of the antenna, and is a somewhat 
complicated function of antenna length.*’ Resistance is chiefly 
the radiation resistance, but all absorption of energy from the 
radiator contributes to the effective input resistance. 

For an isolated linear oscillator of length f = 1/2, the 
radiation resistance is 72.5 ohms, and provided m is an integer 
> 2, it is given by 


72.5 + 30 log m (f = md/2) (12-013 


Figure 12-9 shows the variation. with frequency of par- 
ticular broadcast antenna, and is introduced here primarily to 
emphasize this variation. For commercial broadcasting a band 
width of the order of 10 ke may be radiated, so that an antenna 
system matched at the carrier frequency is for practical purposes 
matched throughout the entire range of frequencies used. At 
ultra-high frequeneies a band width of several megacycles may be 
required, and special measures must be taken so to broaden the 
impedance vs frequency characteristics of the antenna system 
that reasonably good matching can be obtained over the entire 
range of frequencies radiated. See footnotes 27 and 33. 


12-20. Antenna Arrays.- It is convenient to distinguish 
the isolated linear antenna from all other antenna systems, al- 
though such a distinction is not always sharp. In the case of 
an isolated linear antenna, the chief characteristics under con- 
trol are: 


27. Resistance and reactance components of the impedance of a linear vertical 
antenna are given by Brown, G.H., and King, Ronald, High-Frequency Models 
in Antenna Investigations, Proc. I.R.E., 22, No. 4, April (1934), and by 
Brown, George H., A Consideration of the Radio-Frequency Voltages of 
Broadcast Tower Antennas, Proc. I.R.E. 27, No. 9, Sept. (1939). Stratton, 
J.A., "Electromagnetic Theory,” McGraw-Hill Book Co., 1941, gives a con- 
cise derivation of the radiation resistance formula. The reader will 
recognize that the forma for radiation resistance (12-79) given earlier 
applies only to a very short antenna. Brown, in the 1939 paper, shows 
that large radius of antenna wire makes the tuning broader. 

Kandoian, A.G., Radiating Systems and Wave Propagation, Electronics, 
15, No. 4, April (1942), shows the variation of radiation resistance with 
antenna length (measured in wavelengths) up to 7.5 A..- 


RESISTANCE I OHMS 
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REACTANCE IN OHMS 


3 
FREQUENCY IN 'MEGACYCLES 


FREQUENCY IN MEGACYCLES 


FIG, 12.9. Resistance and reactance characteristics of an antenna for 
use at a broadcast frequency (General Radio Experimenter, Feb. 1938), 


1. Length of the antenna. 

é. Current distribution, which can be changed by insert- 
ing inductors or capacitors in the antenna or at its end, by 
"folding" part.of the antenna, by terminating the antenna in its 
characteristic impedance so that standing waves are not produced 
etc. 

3. Shape of the antenna wire (diameter, etc.), this is 
of particular importance in connection with the impedance at the 
input terminals of the antenna. 


In antenna systems, involving two or more antennas, or 
& single antenna which is not linear, or a linear antenna with 
a reflecting system of sheet metal or its equivalent, or in gen- 
eral any arrangement. except the isolated linear antenna, the 
following may be controllable: 


1. Lengths of the antennas. 

2. Relative positions of the antennas in simple arraysor 

3. Shape of the antenna structure (V, turnstile, loop, 
rhombic, etc.) 

4, Relative phases of the currents in the antennas, or 

5. Type of current distribution in the antennas. 

6. Relative magnitudes of the currents in the antennas. 

7. Positions and shapes of reflecting surfaces, if any. 


As a consequence of the great leeway which the factors listed 
above allow, the statement 1s sometimes made that virtually any 
specified radiation pattern can be obtained, but in practice it 


ae ee eo ee 
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is often a large step from the specification of a pattern to its 
realization within practical limits. 

To introduce the reader to the directional patterns for 
some simple arrays, the formula for two isolated, similar, paral- 
lel linear antennas, perpendicular to a common plane which pass- 
es through their bases, will be derived. Consider (Fig. 12-10a) 
such a case, noting particularly in the figure the angle 9. 

The horizontal pattern is no longer a circle, as in the case of 
the single i3soplatéd antenna, and horizontal patterns now become 
important. Using the notation indicated on the figure, assuming 
standing waves of current, with I, the maximum value of the 
standing wave distribution and f the length of the antennas, 


H produced at Q by tas 
the first antenna ie 


where F,(6) is the F(@) given by (12-87). 


H produced at Q es In 
the second antenna) R 


F, (6) sin (wt - BR + 8) 


F,(6) sin (wt - BR + fd cos g 3ind@+a) 


Since the magnetic fields at Q are in the same direction for 
practical purposes, the two may be added, giving for the total 
H at Q 


H = 2— F,(@) cos =(Bd cos © sin@-a) sin (wt - BR + 8') (12-92) 


or in magnitude 


H= oom Fi(@) cos =(pa cos @ sin @-0.)'= 2a F2(6, ©) (12-93) 


i}: 
where F.(6,@) = F,(8) cos 5(Bd cos @ sin @-a) 
For the half-wave case (f =A/2, Bf = nm), 


tl 
i cos(5 cos 6) 


F2(6,9 aE 


cos =(Bd cos » sin 6 - a) (12-94) 
and for a horizontal pattern (06 = 90°), 
1 
Fo(o) = 2 cos (SO cos 9 - 5 a.) (12-95) 
In Fig. 12-10b are shown plots of 


cos ie cos © + = a) (12-96) 


for numerous values of d and a. More extensive tables will be 
found in papers by Campbeil, 7° Foster," and particularly by 


28. Campbell, George A., U.S. patent specification, Sept. 1919, reprinted in 
Collected Papers of George A. Campbell, A.T. and T. Co., 1937. 

29. Foster, Donald M., Directive Diagrams of Antenna Arrays, Bell. Sys. Tech. 
Jour., 5, No. 2, April (1926). 
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FIG. 12-11. Horizontal patterns, 16 tical half-w t t 

on a horizontal straight line; phase difference be ts i d 

j t tenn left, spacing between adj t t dicat 
d al diag Th tele accompanying h patt the diati 
patt f the 16 t wh incident with th nd with all 
urrent n ph nd ted in the first posit in the top row 
(Adapted from a muc t tab gi by R ld M. Fost B.S 

1 OF tf April 1926. ) 
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Southworth” whose paper contains an extensive bibliography. 

In the more general case of n half-wave antennas, paral- 
lel to one another, centers on a straight line, uniformly spaced 
a(= d/A) wavelengths apart and with currents differing in phase 
by 2°, the radiation pattern in a plane perpendicular to the an- 
tennas and passing through their centers is” 


_ sin n(ma cos 9 + a/2) 
Fn (o) = n sin(na cos 9 +a/2 (12-97) 


FIG. 12-12. Extension of the top row of Fig. 12-11 to show change 
in pattern for spacing up to one wavelength between adjacent an- 
tennas in the 16-element array; currents in phase. (From Foster, 
loc. cit.) 


In Figs. 12-11 and 12-12 are shown some patterns for a 16-element 
array of this type. 

Figures 12-13 and 12-14 show the effect of changing the 
number of antennas without changing appreciably the space occu- 
pied by the antennas. In Fig. 12-13 the phases are kept con- 
stant; in Fig. 12-14 the phases are changed in the same ratio 
as the distance between antennas is changed. In this figure it 
should be particularly noted that the pattern becomes more or 
less unidirectional, an important characteristic when it is 


30. Southworth, G.C., Certain Factors Affecting the Gain of Directive Anten- 
nas, Proc. I.R.E., 18, No. 9, Sept. (1930). 
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FIG. 12-13. Horizontal patterns for n vertical half-wave anten- 
nas, spaced 2\/n apart along a horizontal line; currents in phase. 
The figure shows the effect of increasing the number of antennas 
used. The curve for n= 2 appears in Fig. 12-10 and the curve 
for n = Mis substantially the same as the curve for n = 16 which 


appears in Fig. 12-11. (From Foster, loc. cit.) 


desired. to send as much energy as possible to one point only. 
Southworth*°? gives a set of patterns, reproduced in Fig. 12-15, 
for two rows of parallel half-wave antennas, distance between 
rows A/4, for which the directional pattern in a plane perpen- 
dicular to and bisecting the antennas is?° 


sin(nna sin o) 1 | 
F(@) = n sin(na sin ©) cos(7 cos p-1) (12-97a). 


It will be noticed that the direction of transmission is "broad- 
side" to the array. When the major transmission in the bisect- 

ing plane is in the direction of a row, the transmission is : 
"endfire." Figure 12-11 shows both broadside and endfire results, 
as well as some not distinctly either. 
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FIG..12-14. Effect of changing spacing and phase difference 
proportionately. Hor izonta 1 patterns of n vertical half-wave 
antennas, spaced )\/n apart, currents in adjacent antennas 
360°/n apart. The curve for n = 2 appears in Fig. 12-10 and 
that for n=@ is for practical purposes the same as that for 
n= 16, given in Fig. 12-11. (From Foster, loc. cit.) 


12-21. Parasitic Antennas.- An antenna which is not 
driven, but receives its current by induction from one or more 
other antennas, is called a parasitic antenna. If, in Fig. 1le- 
10a, a driving voltage is applied to one antenna and not to the 
other, the latter will have induced in it voltage and current 
resulting from the field--both local and radiation components-- 
of the first antenna. The second antenna radiates, and the re- 
sultant field at distant points is that due to the radiation 
from both antennas. 

Essentially such a pair constitutes a simple coupled 
circuit, and it is customary to write 
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E. = ZiT) + ZieIp 


O = 201, + Zeals wee 
where E,; is the vector voltage applied to antenna 1, Z,,18 the 
self-impedance of antenna l, Zoo that of the parasitic antenna 
2, and Zi2 the mutual impedance between the antennas... I, is 
the input current of antenna 1, and Is current at a correspond- 
ing point in antenna 2. The instantaneous current in antenna l 
causes radiation; the induced current in antenna 2 likewise 
causes radiation. Because of the phase differences between I, 
and Iz, simple spacings between antennas do not result in best 
effects. Figure 12-16 shows radiation patterns in a plane nor- 
mal to, and bisecting, two quarter-wave antennas, and serves to 
illustrate a few of the many results which can be achieved with 
part driven, part parasitic, arrays. 


12-22. Other Antenna Systems.- This chapter is intend- 
ed to introduce the reader to antenna systems, and mention can 
be made of only a few types other than those already discussed. 

Lindenblad** describes a "billboard" type antenna con- 
sisting of vertical half-wave antennas arranged in horizontal 
rows with the rows one above the other. A flat sheet-metal re- 
flector is used behind the array, so that there is virtually no 
back radiation. By the use of images described previously, the 
theoretical patterns of the antenna system can be determined 
without excessive effort. 

The turnstile antenna®*~ consists of two linear antennas, 
lying in a plane, and crossing one another (without electrical 
contact) at their centers. If the angle between the two is 90°, 
the length of each half a wavelength, and the currents 90° out 
of phase, the directional pattern in the plane of the two is 
closely a circle. This can be shown thus: let H, be the field 
due to antenna 1, and Hs that due to 2; then using the approxi- 
mate formula (12-78), 


sin dé 


H, = C ——— sin (wt - Br) (12-99) 
H, = C oot. cos (wt - Br) (12-100) 
Vane Oeasoese 
Hct He = sin“@ + cos~§ cos (wt - pr - 6) 


(12-101) 


31. Lindenblad, N.E., Development of Transmitters for Frequencies above 300 
Megacycles, Proc. I.R.E., 23, No. 9, Sept. (1935). 

32. Brown, George H., The Turnstile Antenna, Electronics, 9, No. 4, April 
(1936) 
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whence F(6@) =\/sin*@ + cos?9 = 1. (12-102) 


In the above, C = 0.023 \/P,; see eq. (12-78). 

Turnstile antennas, composed of shaped rather than 
straight-wire radiators, have been used for television*®® broad- 
casting and are important in u-h-f work. The shaping of the 
antennas is to obtain, among other objectives, broad tuning (see 
gee. 8-19) .. 

Loop antennas are of considerable importance. The loops 
are usually of square shape, although some receiving loops (as 
in marine direction finding) are circular. Restricting discus- 
sion to square loops in which the magnitude of the current is 
approximately constant throughout, in the (horizontal) plane of 
a loop, the pattern is substantially a circle (compare the hori- 
zontal pattern of a single vertical linear antenna), and in the 
vertical plane the pattern is substantially a circle tangent to 
the vertical axis (compare the vertical pattern of the short- 
length vertical linear antenna). To increase horizontal radia- 
tion, loops are sometimes stacked 1/2 apart, one above the other. 

Binomial arrays are loop combinations in which the mag- 
nitude of the current varies from loop to loop in proportion to 
the binomial coefficients. The vertical pattern is given by 


2 "-1sin @[cos"™~*(a cos 6) ] (12-103) 


where a = nd/A. Some patterns are given by Kandoian, loc. cit. 

V antennas are antennas in the shape of a V. Sometimes, 
two parallel two-wire lines, each in a V, are used. Good direc- 
tivity and gain may be obtained. In the case of the V antenna, 
the angle between the two arms is controllable. Carter, Hansell, 
and. Lindenblad** give theory and experimental results for this 
type of antenna. 

The rhombic antenna is so called because of its rhombic 
or diamond shape. If the input is at one of the four vertices, 
a resistor is usually inserted at the opposite vertex, and if 
the resistor approximates the characteristic impedance, standing 
waves are minimized. The amplitude of the current is then. 
roughly uniform. Rhombic antennas are in wide use for certain 
purposes.°> 

The Franklin antenna is the equivalent of a number of 
half-wave linear antennas, all lying end to end along a straight 
line, and all excited in phase. This result is achieved by 


536 Lindenblad, N.E., Television Transmitting Antenna for Empire State Build- 
ing, RCA Review, 3, No. 4, April (1939). 

34. Carter, P.S., Hansell, C.W., and Lindenblad, N.E., Development of Direc- 
tive Transmitting Antennas by R.C.A. Communications, Inc., Proc. I.R.E., 
19, No. 10, Oct. (1931). | 

35. Harper, A.E., "Rhombic Antenna Design,” D, Van Nostrand Co., 1941. 
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taking a long linear antenna and, at each half-wave point, "fold- 
ing" the antenna in such a way that no effective radiation is 
obtained from alternate half-wave sections of the line. Another 
method is to insert inductance, or wind the antenna wire into a 
coil at half-wave points, in such a way that the same result is 
obtained. The current distribution thus appears as a standing 
wave each half wavelength of which is in phase with all other 
half wavelengths. (In a linear antenna the successive half 
wavelengths of the current standing wave are in opposite phase. ) 
If a number of equal Franklin antennas are placed parallel to 
and at uniform distances from one another, a billboard type ar- 
ray (not including the sheet reflector) results. The radiation 
resistance of a Franklin antenna is approximately 100 m ohms 
where m is the number of half-wave loops in the standing wave 
pattern (m > 1). The radiation pattern of a vertical linear 
half-wave antenna with bottom on a perfect conductor (earth) is 
the same as the pattern for the Franklin antenna for m = z. This 
pattern has already been given. The formula for m loops is 


cos($ cos @) sin Ee cos @) 


F(@) = (12-104) 


sin @ sin(S cos Q) 


12-23. Reflection.- Up to this point the passage of 
electromagnetic waves in a single medium, such as an ideal non- 
conducting atmosphere about the earth, has been considered. 
Mention was made of the presence of a second medium in the case 
in which the effect of the ground must be taken into account in 
determining radiation in the space above it, and by making the 
assumption that the ground was the equivalent of a perfect con- 
ductor, it was possible to circumvent the two-medium problem 
through the use of a fictitious image antenna in one medium. 

When an electromagnetic wave passing through one medium 
strikes another medium, which may be of large size such as the 
earth, or may be of small size, the resultant effect in the 
first medium and the effect produced in the second medium de- 
pend very much on the dimensions of this second medium, as well 
as on its shape, electric and magnetic properties, etc. 

We will consider in this section the simplest case which 
can be set up and one which is at the same time important be- 
cause it approximates rather closely numerous practical problems, 
and indicates the type of result to be anticipated in others. 
This is the case of a plane wave traveling through a non- 
conducting medium and striking a second non-conducting °’ medium, 


36. Stratton, lot. cit. 

37. Note that the assumption of a non-conducting second medium makes the prob- 
lem not analogous to a wave passing through the atmosphere and striking 
the ground, but roughly analogous to a wave passing through an ideal non- 


conducting atmosphere and striking an ideal non-conducting medium such as 
a body of pure water (not sea water). 
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the surface of separation between the two media being an indefi- 
nite plane °° which can be taken as the YZ plane (Fig. 12-17). 
Each medium is assumed of indefinite extent39 in the Y and Z di- 
rections, and extending from 0 tow in the + X direction (medium 
1), or from 0 to -o in the - X direction (medium 2). Further- 
more, it is desirable to point out specifically that the dielec- 
tric constant and the permeability of each medium are assumed 

to be constant *° (€, and py for medium 1, es and usfor medium 2); 


xX 


Fic. 12-17. Reflection and refraction of a plane electromag- 
netic wave; n, is the normal to the wave-front of the inci- 
dent wave,n, tothe reflected wave,n; to the transmitted wave. 

X is perpendicular to plane separating the two media; Y 
and Z lie in this plane. Y is chosen so that XY contains ny, 
that is, XY is the plane (plane of incidence) containing the 
normal (i) to the surface of separation, and the normal n,; to 
the wave-front of the plane incident wave. (Having fixed X 
_l to plane of separation, it is always possible to rotate Yin 
that plane so that XY contains n,.) 


38. The assumption of a smooth plane surface between the two nedia means tbat 
a sharp transition from one medium to the other is assumed. No "smooth" 
flat surface is in reality of infinite smoothness, but the assumption 
introduces no error of consequence for our purposes. 

39. The assumption of infinite extent of the surface between the two media is 
made for two purposes: (1) it assures that each dimension of the surface 
of separation is large; and, (2) that no edge effects need be considered. 
If either of these conditions is not satisfied, the problem becomes much 
more complex, and the following analysis ceases to hold. The problem be- 
comes a "diffraction" problem rather than one of simple reflection and 


transmission. 
40, In the event one or more of these quantities is not a constant, the anal- 


ysis following does not apply. When masses of air are unevenly heated, 
the equivalent of this effect is obtained, and the wave which passes into 
the heated air (second medium) from the uniform air (first medium) may be 
changed in direction in such a manner that, in some cases, the wave may 
follow a path which causes it to emerge from medium 2 back into medium l. 
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in addition, the conductivities 5, 9S of the two media are 
assumed to be zero, so that there is no conduction current in 
either medium (J: = J2 = 0). 

The problem, can now be set up thus: In medium 1 it will 
be assumed on the basis of experience that two plane waves called 
the incident and reflected waves exist simultaneously at each 
point, and that the normals ny and np to the wave-fronts are not 
parallel. Each wave separately must be such that E and H satis- 
fy conditions of the type 


==> —s andV- E=0 (12-105) 


where ci = 1/4181. The total fields Ei and Hi at any point will 
be the sum of the vector fields Ej7, Ear ; etc. due to the two 
waves separately (E, = Eiz + Ear» etc.). 

In medium ae @ single plane wave, called the transmitted 
wave, will be assumed to exist. The normal tod its wave-front 
np need not necessarily be parallel to ny or np. 

The YZ-axes will lie in the plane separating the two 
media, and X will be normal to this plane in such a way that 
ny lies in the XY plane. It is always possible, no matter at 
what angle nj meets the separating plane YZ, to move and turn 
the YZ-axes in that plane until the XY plane contains ny. Fig- 
ure 12-17 shows the arrangement of axes. The transmitted wave 
must be such that the fields Eo and Ho in medium 2 satisfy at 
every point in medium 2, and at every time, equations of the 
form (cs = 1fizé 2) 

2. 
V*E2 = Peet and V * E, = 0 (12-106) 

Now if the X-axis were parallel to ny, and thus perpen- 
dicular to the wave-front of the incident wave, Ey; would have 
components of the form A cos (Bx -~ wt). Since X is not perpen- 
dicular to the wave-front, but ny is,-E,; will have components 
of the form 


Ey, cos(Bnyz - wt) 
Ezy cos(Pnz - wt + dy) 
Erz cos(fny - Wt + ve 


where 6, and 6, are constant, and ny is distance from 0 to the 
wave-front. If x, y are the coordinates of any point on ny, 


Nny= x C Set I Cyr (12-107) 
Where C,, is the cosine of oe angle between X and ny, etc. 
(C,; = cos 9; Cy; = sin 9; = angle between X and n; as shown 


in Fig. 12-17.) aie teasehe 
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Np = x CR tS Cor + Z Cor (12-108) 

np = X Cyp + ¥ Cyp + 2% Com (12-109 ) 
recalling that, unlike Ny, Np-and np do not necessarily lie in. 
the XY plane. 

At. the boundary between the two media, that is, at any 
and every point for which x = 0, the following relations must 
hold: 3 

1. The component of the total electric field E, in medi- 
um l, tangent to the surface (YZ plane ) separating the two media, 


must equal th the component of Es tangent to YZ. This is usually 
written 


Eitan = Eztan (12-1 Oo 


2. The component of the total electric flux density 
Di(= €; Ei) in medium 1, normal to the surface (YZ plane) sepa- 
rating the ‘two media, must equal the component of De normal to 
YZ. This 1s usually written €,E,, = €sEs,, and in the present 
case becomes 


€,E jy = €2E>, (12-111) 

where E,x is the X component of 2, etc. 
Pan Hitens Om. Pete, (12-112) 
4. UiHin = HoHon or, here, ,Hiy = WoHoy (12-113) 


These four laws, commonly referred to as boundary conditions 
because they describe relations which must obtain at the bounda- 
ry between two media, are developed in elementary texts on elec- 
tricity and magnetism, and hold equally well at high as well as 
at low frequencies. They are of fundamental importance here, 
because they determine the directions of Np and np with reference 
to nz, the magnitudes of the R and T waves in terms of that of 
the I wave, and other results for the problem. 

Boundary condition 2 in the present case states that 
€,E,y = &Eszy when x = 0, that is 


é1Eqx cos(wt - py sin »)+¢€, Erx cos[wt - B(yCyp+zCzp) + &] 
= €2kpy cos[wt - BolyCyp + 2Czp) + Sq] (12-114) 


and this equality must hold for any and every value of t, y, and 
z. The only way in which this can be. realized is to have the 
coefficient of t, of y, and of z in each argument equal the cor- 
responding coefficientsin the other two arguments of the cosines, 
that is, 

B sin 9 =-B Cyx = Br Cyr (12-115) 
and O= 6 CzR= BrCgr (12-116) 


Thus, Cer = Cgp = 0, which means that ng and ng lie in a plane 
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(thew Xx¥+plane)> at: 90° Mbongyiiand 


R= 9 (12-117) 
Since sin 9 = CyR> and 


Cyr _ Br_ Sing _ce_ A 12-118 
Cyt B sin 97 Ci AT ( 


Equation (12-117) states that the angle of reflection, Or, is 
equal to the angle of incidence, ». Equation (72 2278) gives mn, 
the angle which the perpendicular to the wave-front of the 
transmitted wave makes with the X-axis, in terms of » and the 
velocities of phase propagation c, and csp in medium 1 and medium 
2, respectively. The wavelength Ap of the transmitted wave is 
obtained from Bp = 2n/Ap = w/Co. 

The boundary conditions apply to components normal to 
the surface of separation (YZ plane here) and tangential to this 
surface. It is convenient to consider the field vectors E and 
H broken down into two components, one normal to XY, which is 
the usual Z component, and one tangent to XY, which is the re- 
sultant E' of the X and Y components. Figure 12-18 illustrates 
this breakdown and shows the relation between the E’ and kE, 
mentioned here and the usual XYZ components. 


ee ee ee a 


E=ik, +jzH,+kE, 
or E= E’+ kE, 
Fic. 12-18. E expressed as the sum of three rectangular 


components, and as the sum of a component kE, normal 
to XY and a component E parallel to XY. 


xX 


A. Components of E vectors normal to XY. In this case 
in which the E vectors are usually said to be polarized normal 
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to the plane of incidence XY since, taken alone, the components 
normal to XY form such waves, 


Ey, + Ep, = Enz 


and Hr, cos 9 - Hp, cos 9 = Hp, COS Pri at x = 0 
or (Ey, - Ep,) cos 9 = Hen Em, COS Op Sete 
e . 
whence, Erz 1-4 1+ 9 
Back ioe: and mie reas (12-120) 


where q = Bus cos op/Poyu, cos ». Equations (12-120) give the 
magnitudes of the Z components of the three waves (I, R, T) in 
terms of any one. Since 


B cos gp =VB2 - 6, sin? » 


the factor q appearing in (12-120) can be expressed entirely in 
terms of 9. 

B. Components of E vectors parallel to X¥. In this case 
the waves are usually said to be polarized in the plane of in- 
cidence XY. When the E vector lies in the plane XY, or when only 
the component of E in the plane of incidence XY is considered, 
there is an accompanying H field perpendicular to E (see earlier 
discussion of plane waves) and hence perpendicular to XY, that 
is, in the Z direction. Since E can be found when H is known 
and vice versa, we can deal with the H vector in this case. 

This is a very convenient procedure to follow, because H now 
occupies the same position as E in part A, and very nearly simn- 
ilar boundary conditions hold for x in part B as for E in A. 
Indeed, since H is in the Z direction, hence a tangent to YZ, 


Hrz + Hre = Hp, 


at x=0 
and Hr, cos 9 - Hp, cos ® = bake Hp cos op | (12-121) 
whence, ; 
Biz . Hal ei esd 12-122 
oe ee hs hrs 2 ( ) 
where q' =p,°q/u. ‘Thus, Hr, can be found in terms of Hy,, 


then Hp,z, and the magnetic fields of the I,R, and T waves de- 
termined. The E fields follow from 


E = - a9 nx Hz (ae-225) 


where any one of the subscripts I, R, T is to be placed on E£, 
‘Dy and H. 


The objective of the above discussion is to introduce 
the reader to a small part of the theory reflection and refrac- 
tion of electromagnetic waves. If the second medium were a con- 
ductor, the transmitted wave would be attenuated rapidly, the 
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energy going into heat. But, as the conductivity becomes better, 
more energy is reflected, until in the limit all incident ener- 
gy is reflected by a perfect conductor. 

If the reflecting surface were not flat, or not large, 
compared with the wavelength, the results obtained above would 
not hold. Problems dealing with objects of the same order of 
magnetude as the wavelength of incident radiation, or with edge 
effects, passage of radiation through apertures, etc., are dif- 
fraction problems. It is not possible to go into these here, 
but diffraction effects are important in connection with thé 
subject of the next section. 

Flat sheets of metal form good reflectors provided they 
are large enough. Mention was made of such reflectors in con- 
nection with several antenna systems. They are used chiefly to 
cut down back radiation and enhance that in the forward direc- 
tion. 


i2-24. The Paraboloid Reflector.- If an antenna is 
placed at the focus of a sheet or block of metal whose inner 
surface is a parabola of revolution, the radiation is to a 
large extent directed along the axis of the system. Unfortunate- 
ly, however, the antenna radiation is not symmetrical about the 
focus, the wavelength may be not negligible in comparison with 
paraboloid dimensions, and in general a diffraction problem of 
considerable theoretical difficulty is presented. The radia- 
tion pattern is not a very thin lobe along the axis, but is a 
lobe of appreciable cross section, accompanied by minor lobes, 
The reader who carries out the experiment described in Sec. 15- 
16 will learn more than can be described in the space available 
here. 

In Ch. 4, horns are mentioned, and the experiment of 
Sec. 15-16 includes a simple investigation of horn radiation. 
The electromagnetic energy is conducted to a horn by a wave 
guide, and the horn then serves to give a direction to the radi- 
ation in space. The horn, however, presents another diffrac- 
tion problem which has for practical purposes been solved. It 
is mentioned here because the horn and the paraboloid represent 
two sides of a sharply defined transition point. In the case of 
the paraboloid, the antenna is essential and must be near the 
focus for effective directivity. In the horn, the antenna is 
not essential, and if used its position is not critical. Ifa 
wave guide is used to lead energy to the horn, the antenna is 
effectively removed. On the other hand, the extension of the 
paraboloid surface makes the paraboloid approach a wide-aperture 
horn of large flare angle. It is thus seen that the horn and 
the paraboloid represent an approach to a meeting of two dif- 
‘ferent radiation methods. 


Chapter 13 
PROPAGATION 


In Ch. 12 the radiation produced by various antenna sys- 
tems in a homogeneous isotropic perfectly insulating medium free 
of electric charge was discussed. In this chapter we disregard 
the source of the radiation and review briefly the properties 
and the effects of the actual medium through which the energy 
passes. 

The earth's magnetic field is a commonplace, and the 
earth's electric field, although less well known to the average 
person, is an important electrical characteristic of the space 
about the earth. In the atmosphere, which may be taken to be 
the region containing the air about the earth, there are sundry 
electrical phenomena such as lightning with which everyone is 
familiar. The troposphere is that part of the atmosphere below 
approximately 11 km elevation in which the temperature varies 
appreciably with altitude. In the troposphere there are many 
causes of non-uniformity of the medium, such as sharp tempera- 
ture changes in short distances, and this lack of homogeneity 
sometimes appreciably influences the passage of electromagnetic 
waves. The stratosphere is that portion of the atmosphere above 
the troposphere and below the ionosphere in which the tempera- 
ture is almost constant. Above the stratosphere lies the iono- 
sphere, "that portion of the earth's atmosphere above the lowest 
level at which the ionization is large compared.with that at the 
ground, so that it affects the transmission of radio waves." The 
bottom of the ionosphere is not less than approximately 50 km. 

The reader will now have an appreciation of the fact 
that the atmosphere considered as a medium in which electromag- 
netic waves are propagated may be decidedly non-homogeneous, and 
may contain electric charges as is evident in the case of the 
ionosphere. If we look at the region immediately below the at- 
mosphere, that is, the earth or ground, we find a medium which 
often appears as a good conductor for waves of not very high 
frequencies, and gradually comes to appear as a dielectric at 
ultra-high frequencies. 


13-1. Ground Wave, Sky Wave, etc.- Turning now to an in- 
spection of the radiated wave, we may distinguish three separate 
major components in the most general case, a ground wave, a sky 
wave (also called an ionospheric wave), and a tropospheric wave. 
The ground wave is "the portion of a radio wave that is propagat- 
ed through space and is, ordinarily, affected by the presence of 
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the ground." It is the total received wave less the ionospheric 
and tropospheric waves. 

The sky wave (ionospheric wave) is the part of a radio 
wave that has been directed toward, or reflected from, the iono- 
sphere. 

The tropospheric wave is any part of a radio wave that 
has been reflected from a place of abrupt change of dielectric 
constant in the troposphere (such as the boundary between hot 
and cold layers). 

The ground wave’ is usually further subdivided into a 
direct wave, ~ a wave reflected® from the ground (of importance 
when the receiving antenna is well above the ground). and a sur- 
face or guided wave. The ground wave is usually refracted in 
passing through the lower atmosphere, and this combined with the 
guiding effect which exists (the earth may act as a wave guide 
somewhat as one wire of a transmission line does) tends to cause 
the ground wave to follow the curvature of the earth when the 
frequency is not too great. But the ground wave often suffers 
severe attenuation, so that it cannot often account for long- 
distance transmission except at relatively low frequencies. 


13-2. Factors Affecting Propagation.- With the few para- 
graphs above--which do little more than indicate the names of a 
few of the characters met in the study of radio wave propaga- 
tion--to introduce the topic, some of the more important factors 
which influence propagation and reception may be enumerated: 


1. Frequency 

2. Effect of ground 

3. Curvature of the earth 

4, Homogeneity of the troposphere 


1. "A ground wave is the portion of a radio wave that is propagated through 
space and is, ordinarily, affected by the presence of the ground. The 
ground wave includes all components of the received waves except iono- 
Spheric waves and tropospheric waves. The gr und wave is somewhat re- 
fracted by the gradual change of the dielectric constant of the lower at- 
mosphere with altitude." 

2. "A direct. wave is the component of the ground wave that is transmitted 
directly from transmitter to receiver. It is the entire ground wave 
where the transmission path is relatively distant from the ground, as it 
transmission from one airplane to another at a distance small compared to 
their distance from the ground. Where the transmission path is along or 
near the ground, the direct wave is that component of the ground wave 
which would exist if the ground were not: present. Where the path of 
transmission is obstructed, as by the bulge of the earth, the direct wave 
is absent." 

3. "A ground-reflected wave is the component of the ground wave that is re- 
flected from the ground according t’ the laws of geometric optics." 


———— ee 


ee eS eee ee ee ee, ee a 


a 


q 
ff, 
4 
i 
a 
is 
+ 


PROPAGATION 437 


Time of day, time of year, time in the solar cycle 
Characteristics of the lonosphere 

. Earth's magnetic field 

Local disturbances such as thunderstorms, which re- 
sult in the introduction of noise, and distant dis- 
turbances such as magnetic storms of the sun, and 
ionospheric storms 


OY AU 


This list does not include any mention of radiating or receiving 
systems, and is the only mention to be made of disturbed condi- 
tions (item 8) as contrasted with the non-disturbed state. Fur- 
thermore, we shall make no further reference to the troposphere, 
since the modifications in wave propagation caused by it are in 
part erratic and in part not feasible or important enough to 
handle here. But the height of the transmitting and receiving 
antennas above ground may be a substantial consideration. 
Frequency is a vital differentiator between the impor- 
tance of the numerous effects. Following Mimno, * the frequency 
range of interest may be divided into six sections for conveni- 
ence, although it should be understood that no sharp and fast 
line of demarcation holds between any two adjacent divisions: 


Range Frequency (f) Wavelength (A) in meters 


vf 50 - 550 ke 6000 - 545 
2 8 550 - 1500 ke 545 - 200 
IIl 1.5 - 5 Mec 200 - 60 
IV 5 - 30 Mc 60 - 10 
Vv 30 - 300 Mc 10 -1l 
VI 300 - 3000 Mc pia eh OP 


We shall return to these frequency classifications 
later. To discuss in detail transmission in each range is not 
possible here; to discuss it even briefly requires some de- 
scription of the ionosphere, also known as the Heaviside or the 
Kennelly-Heaviside layer. 


13-3, The lonosphere.- In Fig. 13-1 is shown & graph 
of possible variation of relative electron density versus alti- 
tude. Because of the sun's radiation, cosmic rays, and other 
causes, it is well determined experimentally that the region 
now known as the ionosphere contains ions, those of interest 
here being chiefly free electrons, in a number per unit volume 
which depends on many factors including height and time of day, 
time of year, and time in the sun-spot cycle. There is a defi- 
nite stratification of the ionosphere, as indicated by peaks E, 


4, Mimno, H.R., The Physics of the Ionosphere, Rev. of Mod. Physics, 9, 
No. 1, Jan. (1937). Mimno's frequency sections are slightly different 
from those given here. 
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Relative Electron 


Altitude in km 


FIG. 13-1. Possible Variation of electron density 
with altitude above 80 km. 


F, and Fz in Fig. 13-1, so that layers--"a layer is a regularly 
stratified distribution of ionization which is formed in a re- 
gion of the ionosphere and which is capable of reflecting radio 
waves back to earth"--are recognized. The D layer is not as 
well defined and for most purposes not as important as other 
layers. It is not shown on Fig. 13-1, but would, if present, 

be represented by a small peak left of E. 

The E layer is a layer somewhere in the E region, which 
is the region between approximately 90 and 140 km above the sur- 
face of the earth. The F layer is one which exists in the F re- 
gion (140 to 400 km above the surface of the earth) "in the 
night hemisphere and in the weakly illuminated portion of the 
day hemisphere." Over most of the day hemisphere two layers, 
FP, and Fo, exist rather than one F layer, and these two have 
been indicated on Fig. 13-1. The Fi layer is the lower and the 
Fz layer the higher of the two day layers in the F region. The 
virtual heights of the various layers can be measured and Fig. 
13-2°has been inserted to give some idea of the variation of po- 
sition of the various Layers during a year. . 


ae PROPAGATION 439 


Although it is not possible here to go into the mecha- 
nism of the creation of the ionization in the ionosphere, it is 
possible to touch on certain electrical effects, assuming that 
ionization to exist. 

In Ch. 12 a section was devoted to the discussion of 
displacement current, and it was pointed out that the total cur- 
rent density Jr (amperes per square meter) is 


Ip = J + OD/dt (13-1) 


where J is the conduction current density, D is the electric 
flux density, and 6D/ét is the displacement current density. 
Since D = eE, 


Jp =I + c0E/Ot (13-2) 


Now assume an electric field E having the same direction at all 
points (such as the field between the plates of a parallel plate 
capacitor except near the plate edges), and let E = Eo sin at. 
Then 


e60E/6t = ewEo cos wt (13-3) 
If there are free electrons present in an otherwise emp- 
ty medium or its equivalent, p = -ne where n is the number of 


electrons per unit volume and e is the magnitude of the negative 
charge on one electron. The conduction current density J is pv 
(charge crossing unit area in unit time; corresponds to dq/dt in 
@ wire circuit) where v is the velocity of motion of the elec- 
trons. But if the electric field E = Eo sin wt is the only 
force effectively acting on the electrons, then by Newton's law 


dv 
MG, = ~@Eo sin ut (13-4) 
or 
CEo 
v= cos wt (13-5) 
whence ne~ 
pv = - — Eo cos wt (13-6) 
mu) 
and ne* 
Jp = - Eo cos wt + EWEo cos wt 
mu) 
2 
or ne bE 
Jp = (e Seni ) at (13 7) 


Thus the tonized medium acts like a dielectric medium of di- 
electric constant 


Bee saga! Bey: we (7's fa) (13-8) 
e-em e(1 - Se) = e(1 - Y 


where f = w/2n is the frequency of the applied electric field and 
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Virtual heights and critical frequencies (hourly averages) for two years. 


ers; f to frequency, superscript X to the extraordinary wave and O to the ordinary wave. 


E, F, F,, F,, refer to lay- 


13-2. 


FIG, 


Kirby, 


IL.RE, 


(From Gilliland, 


Smith and Reymer, “Characteristics of the Ionosphere and Their Application to Radio Transmission," Proc. 


7, July 1937. 


25, No. 
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2 
fo° = Gee (13-9) 
is the critical frequency, so called because the equivalent di- 
electric constant becomes zero when f = fg. Equation (13-9) is 
one of the most important formulas now used in the study of the 
ionosphere. 
Again calling on the material of Ch. 12, it will be re- 
membered that the phase velocity in a dielectric medium is 


c= \/lfie meters per sec (13-10) 


where » and € are respectively the permeability and dielectric 
constant of the medium. 

The refractive index n of a medium is the ratio of the 
phase velocity of a wave in empty space to the phase velocity 
of the same wave in that medium. Taking the permeability of 
the equivalent dielectric medium mentioned above and of free 
space equal, and € as the dielectric constant of empty space, 


n= \/2 ~ As =\/1 - fy (13-11) 


for the equivalent dielectric medium which an ionosphere layer 
represents. When 4 radio wave is directed vertically upwards 
[so that all vectors in (13-2) are in the same direction], the 
above analysis holds to a good approximation, and when f = fo, 
the phase velocity in the upward direction becomes zero. The 
wave is then reflected back. From f,, the electron density n 
can be found; from the time interval between release of the sig- 
nal and its return, the virtual height from which it has been 
reflected can be found.” Both virtual height and critical 


5. "The virtual height of a layer of the ionosphere is the height at which 
reflection from a sharp boundary would result in the same time of travel 
as that actually observed, for a wave transmitted from the ground to the 
ionosphere and reflected back. Consequently, it is the product of the 
velocity of electromagnetic waves in free space by half the time taken by 
& wave group to travel vertically once to the ionosphere and back to its 
starting point. Virtual height depends upon the wave component and fre- 
quency for which the measurement is made; the value usually stated is for 
the ordinary wave and for the lowest frequency used in the measurement. 
(This is sometimes called equivalent height.) 

The penetration frequency of a layer of the ionosphere, for a, wave 
component, is the frequency at which the virtual height for that compo- 
nent becomes a maximum because of penetration of the wave through the 
layer, for waves reflected vertically from the layer. Except for the oc- 
currence of sporadic and scattered reflections, it is the highest fre- 
quency of waves reflected from the layer at vertical incidence. The 
square of the penetration frequency of the ordinary wave is proportional 
to the maximum equivalent electron density of the layer. (This has been 


called the critical frequency.)" 
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frequency for various hours of the day for each month of a year 
are shown in Fig. 13-2. The ordinary® and extraordinary’ waves 
noted in the critical frequency curves of the figure are two 
waves into which a radio wave is split in the ionosphere as a 
result of the action of the earth's magnetic field on the elec- 
trons at the same time the electric field of’ the wave acts on 
them. The theory is given by Nichols and Schelling. ® 

The determination of virtual heights involves a tech- 
nique using many of the principles discussed in this text. A 
pulse is generated electrically and radiated vertically upwards. 
At the instant it leaves the transmitter a signal is recorded 
on &@ nearby receiver in some manner. The transmitter is then 


6. "The ordinary wave is one of the two components into which a radio wave 
1s split in the tonosphere by the earth's magnetic field. In the lower 
parts of the ionosphere the ordinary wave is left-handed elliptically 
polarized where the earth's magnetic field has a positive component in 
the direction of propagation. In the special case of vertical propaga- 
tion at the magnetic equator the ordinary wave is unaffected by the 
earth's magnetic field. For other conditions of propagation the magnetic 
field affects both wave components, but the name "ordinary wave" is re- 
tained as a designation of the wave component which is defined by con- 
tinuity from this special case. The term is used in a different sense in 
optics. (This wave is designated by the letter symbol O and is sometimes 
called the O-wave.)" 

7. "The extraordinary wave is the other of the two components into which a 
radio wave is split in the ionosphere by the earth's magnetic field. In 
the lower parts of the ionosphere the extraordinary wave is right-handed 
elliptically polarized where the earth's magnetic field has a positive 
component in the direction of propagation. (This wave is designated by 
the letter symbol X and is sometimes called the X-wave.)" 

8. Nichols, H.W., and Schelling, J.C., Propagation of Electric Waves over 
the Earth, Bell Sys. Tech. Jour., 4, No. 2, April (1925). Although we 
cannot go into the use of the quantity here, it may be well to quote the 
following definition, associated with the effect of the earth's field on 
ions in the ionosphere: "The gyro frequency is the natural frequency of 
rotation of ions around the lines of magnetic field of the earth. Letting 
H be the total intensity of the earth's magnetic field in ampere-turns per 
meter, e the charge in coulombs and m the mass in kilograms of an ion, the 
gyro frequency in cycles per second is fh = 2(10) ” HS. Since H varies 


considerably in different geographical locations and decreases with height 
above the surface of the earth, fy, does also. For electrons, e/m is 
equal to 1.769 x 10+ ; so that fp in kilocycles per second is equal to 
35.38H. Thus, f, is of the order of 700 to 1600 kilocycles, while for 
other ions it is in the audio-frequency range. (Half this frequency is 
sometimes called the Larmor precession frequency.)" 
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cutoff, and the receiver, which must have recovered from the 
signal due to the initiation of the pulse, now receives and 
records the reflected pulse. The entire operation takes a time 
of the order of magnitude of a few milli-seconds. The time be- 
tween the initiation of the pulse and the reception of the re- 
flected signal is determined from the distance between pips on 
the recording device, or otherwise, and half this time multi- 
plied by the velocity of electromagnetic waves in empty space 
(3 x 10° meters per second) gives the virtual height. 


13-4, Maximum Usable Frequencies (M-U-F).- It will be 
noted that the preceding discussion is based on vertical in- 
cidence transmission, that is, the wave is sent practically ver- 
tically upwards and the reflection, if any, is received near the 
sending point. The results of vertical-incidence transmission 
can be used to determine "maximum usable frequencies." <A maxi- 
mum usable frequency (m-u-f) is the highest frequency which can 
be used at any given time and between any given pair of points 
on the earth's surface, for radio transmission by reflection 
from the regular layers of the ionosphere. (Transmission at 
higher frequencies is sometimes possible by sporadic and scat- 
tered reflections.) It was shown in Ch. 12, that for a plane 
wave passing through one dielectric medium and striking the 
plane surface separating that medium from a second dielectric 
medium, the angle of incidence » is equal to the angle of reflec- 
tion, and the angle gtof the normal to the wave transmitted 
through the second medium is related to @ by 


Sine os bere shy ican rey (13-12) 


where B = 2n/\, A is wavelength, c is phase velocity, « is di- 
electric constant, 1 refers to the first medium and 2 to the 
second medium. For total reflection (no transmission in medium 
2) op must be 90°, ot 


Sif O° st. a Se (13-13) 
For all values of » equal to or greater than that given by 
(13-13), there will be total reflection, hence 


f =f, sec @ (13-14) 


gives the maximum frequency for total reflection. For smaller 
values of the equivalent dielectric constant of the medium is 
negative, and the practical result is that the wave passes 
through the layer. See Fig. 13-7. Equation (13-14) is the so- 
called "secant law," which states that the greatest frequency f 
usable at an angle of incidence g is f, sec g, where f, is the 
critical frequency for vertical incidence. 
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If gis given, f is immediately determined. But if the 
distance d between two points on the earth's surface (here as- 
sumed flat) is given, the determination of the m-u-f requires a 
knowledge of the virtual height of the ionosphere layer at the 
point of reflection. Since the virtual height zy is a function 
of frequency it is necessary to solve simultaneously 


Zy = F(f) and f sec » = f, (13-15) 


Along with curves of the type shown in Figvels-2,. it. is 
possible to obtain, by using numerous frequencies, a curve” of 
virtual height zy vs frequency f. With such a curve and the 
Secant law, a graphical solution of the two conditions can be 
obtained, and the m-u-f thus determined.*° Figure 13-3b shows 
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FIG, 13-3. a) Prediction by the National Bureau of Standards of maximum 
usable frequencies for dependable radio transmission via the regular iono- 
sphere layers on undisturbed days of March 1941; published in the Proc. 
I.R.E., 28, No. 12, Dec. 1940 (the curves are for different distances of 
transmission as indicated). 

b) Actual maximum usable frequencies for March 1941, as measured 
at the National Bureau of Standards; published in the Proc. I.R.E., 29, 
No. 3, March 1941. 


9. By use of a continuously varying frequency, the entire curve can be ob- 
tained at one time. Some experimental results are reproduced by K.K. 
Darrow, Analysis of the Ionosphere, Bell Sys. Tech. Jour., 19, No. 4, 
July (1940). 

10. Smith, Newbern, Extension of Normal-Incidence Ionosphere Measurements to 
to Oblique-Incidence Radio Transmission, Jour. of Research of the Nat. 
Bur. of Standards, 19, No. 1, July (1937); The Relation of Radio Sky- 
Wave Transmission to Ionosphere Measurements, Proc. I.R.E., 27, No. 5, 
May (1939). 
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m-u-f for various hours of an average undisturbed day in March 
1941, for various distances d. It is possible by a study of the 
numerous factors affecting transmission to make in advance rea- 
sonable predictions of m-u-f. Figure 13-3a shows such a predic- 
tion made by the National Bureau of Standards for March 1931, 
and Fig. 13-3b shows the actual results of measurements made 
during the month by that institution. 


13-5. Transmission in Various Frequency Bands.- Return- 
ing to the group of frequency bands listed in Sec. 13-2, Band I 
(50-550 ke) is the long-wave band below the broadcast frequen- 
cies. The ground wave is important for the shorter transmission 
distances (less than 1000 miles), and is stable and reliable. 
The sky wave is important for very long distances (some trans- 
atlantic telegraph channels are operated near the longest wave- 
length in this band). In general, the long waves obey the 
Austin-Cohen formula’* for decrease in field intensity with dis- 
tance. However, theoretical analysis has now reached a stage 
where the ground wave (direct, ground-reflected, and surface 
waves) can be computed without great difficulty. Norton** has 
recently brought together and systematized the work of many in- 
vestigators, but the analysis which determines and unites vec- 
torially (1) the direct wave, (2) the ground-reflected wave, and 
(3) the surface or guided wave, allowing for finite conductivity 
and dielectric constant of the earth, is too extensive to be re- 
produced here. Figure 13-4 reproduces an example given by Nor- 
ton. The "inverse distance" curve is the result obtained in 
Ch. 12. The "plane earth" curve is that obtained by assuming 
the earth flat, and although earth conductivity and dielectric 
constant have been taken into account, it is seen that a "plane 
earth" introduces virtually no attenuation--in this case. When, 
however, the curvature of the earth is considered, the lowest 
curve results. 

Band II, the broadcast band, has good and reliable serv- 
ice within 50 to 100 miles of the antenna; the distance depends 
on transmitter power as well as other factors. The ground wave 
accounts for daytime transmission. At night, transmission may 
extend much further because of the sky wave (see Fig. 13-8), 


11. Mimo, loc. cit.; the Austin-Cohen formula was one of the first experi- 
mentally determined formulas for decrease of intensity with distance, 
and is often cited. 

12. Norton, K.A., The Calculation of Ground-Wave Field Intensity over a 
Finitely-Conducting Spherical Earth, Proc. I.R.E., 29, No. 12, Dec. 
(1941). 
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FIG. 13-4. Variation of rms electric field strength of ground wave 
with distance under following conditions: transmitting and receiving 
antennas linear and vertical (field is vertically polarized), and near 
the ground; frequency 500 kc; ground conductivity 5 x 10 emu, di- 
electric constant relative to air 80 (the ground constants are for sea 
water); the transmitting antenna produces in the equatorial plane at a 
distance of 1 mile a field strength of 50 millivolts per meter in free 
space or 100 millivolts per meter over a perfectly conducting earth. 
The inverse distance curve is thus 100/d vs d, where d is distance 
from the transmitter on the surface of the earth. The dielectric con- 
stant of the atmosphere is assumed to decrease linearly with altitude. 
‘From Norton, Proc. I.R.E., 29, No. 12, Dec. 1941. Other results given 


in this article enable curves such as those in the figure to be deter- 


mined relatively easily. 


which in the daytime is largely absorbed rather than reflected 
by ionosphere layers (D and E). The ground-wave field intensi- 
ty, allowing both for refraction resulting from change in the 
dielectric constant with altitude in the lower atmosphere, and 
for ground conductivity and dielectric constant, can be 
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FIG. 13-5. Similar to Fig. 13-4, except for transmission at 1120 ke over 
land for which the conductivity has been assumed 9 x 10 emu and the 
relative dielectric constant 21. From Norton, loc. cit., note that in 
contrast to Fig. 13-4, the “plane earth" field intensity is not near the 
field intensity computed on the simple inverse distance basis. 


determined from Norton's summary as for Band I. Figure 13-5 of- 
fers an illustration for a frequency falling in Band II. 
Fading—"the variation in radio field intensity result- 
ing from changes in the transmission medium"--is illustrated in 
Fig. 13-6. At A in the figure, the ground wave and sky wave are 
assumed to be received; if now through some disturbance, one of 
these changes, the receiver at A immediately notices this 
change. If the change is such as to throw the two waves out of 
phase temporarily, the received signal may be greatly reduced or 
may disappear. If this occurs for components of certain fre- 
quencies and not for others in the frequency band of the re- 


ceived wave, selective fading results. 
Band III (1.5-5 Mc ) of the group of frequency bands set 


out in Sec. 13-2 forms to a certain extent a transitional region 
from the broadcase band (II) to Band IV. Usually, antenna 
heights (not lengths--height is that of the center of the 
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FIG. 13-6. Illustration of fading; if the ground wave at A has been 
reduced to a value comparable to that of the sky wave then fading will 
occur unless the ground-wave and sky-wave components of the signal re- 
main in phase or at least in the same relative phase. If components 
of some frequencies remain in phase, others not, selective fading oc- 


curs. 


antenna) are so low that the surface wave is the only important 
part of the ground wave. The sky wave becomes of increasing 
importance, particularly at the higher frequency end of the 
band. The low-frequency end is characterized by somewhat er- 
ratic properties. 

Band IV (5-30 Mc) stands out because the ground wave is 
usually of no importance. This is the approximate band of fre- 
quencies which appears on the maximum-usable-frequency curves 
illustrated in Fig. 13-3, and is extremely useful for long- 
range transmission. Figure 13-7 illustrates skip distance and 
the silent zone region. Figure 13-8 illustrates a "double hop" 
in reaching the point B. The number of "hops" in a transmission 
is often called the order of reflection. 

Because of the essential connection between Band IV and 
the ionosphere, some definitions are listed below. It should 
be understood that these and other concepts discussed or illus- 
trated in the Band IV description are applicable in ‘other bands. 

"Sporadic reflections from a layer of the ionosphere are 
sharply defined reflections of substantial intensity from the 
layer at frequencies greater than the critical frequency of the 
layer. The intensity of the sporadic reflections generally de- 
creases with increasing frequency. They are variable in respect 
to time of occurrence, geographic distribution, and range of 
frequencies in which observed. (Sporadic reflections are some- 
times called abnormal reflections. ) 

"Scattered reflections from a region of the ionosphere 
are reflections composed of many components of different virtual 
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FIG, 13-7. Illustration of skip distance and the silent or skip zone. 
Path c is at maximum angle for signal to be reflected; paths a and b 
pass through ionosphere; path d is a path at less than the critical 
angle of path c. The ground nave is assumed to disappear outside the 
limits shown. No signal reaches the silent or skip zone, but beyond 
C reception is obtained. T is the transmitter. 


FIG, 13-8. Transmission by reflection from an ionosphere layer. Path 
a and b from the transmitter T proceed directly to A and B respective-: 
ly; the wave following path c strikes the earth at C, is reflected to 
the ionosphere and back to the earth reaching B by a "double hop." 


heights or times of travel which interfere and cause fluctuation 
or fluttering reception. They are quite variable in respect to 
time of occurrence, intensity, range of frequencies in which ob- 
served, etc. 


"Zigzag reflections from a layer of the ionosphere are 
high-order multiple reflections which may be of abnormal in- 
tensity. They are produced by the return of waves which travel 
by multihop itonospheric reflection and finally turn back toward 
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their starting point by repeated reflections from a slightly 
curved or sloping portion of an ionospheric layer. 

"An ionospheric storm is a period of disturbance in the 
ionosphere in which there are great anomalies of penetration 
frequencies, virtual heights, and absorption. The phenomena are 
many and complex. They usually include: turbulence of the 
ienosphere and poorly defined penetration frequencies, especial- 
ly at night; great virtual heights and low penetration frequen- 
cies, especially of the F and Fs layers; great absorption, es- 
pecially at night at broadcast frequencies. An ionospheric 
storm usually lasts a substantial part of a day or more than one 
day. 

"A sudden ionospheric disturbance is a sudden increase 
of ionization density in low parts of the ionosphere, caused by 
a@ bright solar chromospheric eruption. The sudden ionospheric 
disturbance gives rise to a sudden increase of absorption in 
radio waves propagated through the low parts of the ionosphere, 
and sometimes to simultaneous anomalies in terrestrial mag- 
netism, earth currents, etc. The change takes place within one 
or a few minutes, and conditions usually return to normal within 
one or a few hours. 

"A radio fadeout is a cessation or near-cessation of 
propagation of radio waves through the parts of the ionosphere 
affected by a sudden ionospheric disturbance." 

The vertical and horizontal angles of departure and of 
arrival are angles specifying the direction in which a wave 
leaves a transmitting antenna and the direction in which a wave 
approaches the receiving antenna. 

In Band V (30-300 Mc), there is often transmission by 
an itonosphere layer, particularly at the lower frequencies, but 
this transmission is on the whole so unreliable as to be almost 
useless for practical purposes. In addition, the ground wave 
cannot be relied on at even medium distances, yet creates in- 
terference well beyond the dependable service area. The inter- 
ference region beyond the service limit range is apparently the 
result of varying conditions in the troposphere. Substantially, 
this band is practical for line-of-sight transmission; the 
ground wave is the only important one (sky wave inconsequential 
except for sporadic results), and height of transmitting and 
receiving antennas becomes important. 

Figure 13-9 is from Norton, and shows the decrease in 
field strength with distance under a given set of conditions 
for a transmission frequency of 46 Mc, which is in Band V. The 
field intensity scale is not immediately comparable with that 
of Figs.13-5 and 13-6 because the transmitting antenna has been 
taken as a half-wave linear radiator (half-wave dipole) produc- 
ing in the equatorial plane at a distance of 1 mile a field 
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FIG. 13-9. Decrease of rms value of the ground-wave electric field 
strength (vertical polarization) with distance under the following 
conditions: frequency 46 Mc, conductivity of ground 5 x 10724 emu, 
relative dielectric constant 15 (these values are for land); trans- 
mitting antenna vertical, center at height hy; receiving antenna ver- 
tical, center at height ho; the transmitting antenna produces in each 
case at 1 mile 137.6 mv/m in empty space or 275.2 mv/m if attached to 
a perfectly conducting earth. The inverse distance curve is 275.2/d 
where d is distance from the transmitting antenna. From Norton, 


loc. cit. 


strength of 137.6 millivolts per meter in empty space, or 275.2 
mv/m if connected to a perfectly conducting earth. For the an- 
tenna under either of these conditions, the power radiated is 

1 kw. In this case all three parts of the ground wave are of 
importance. 

Band VI (above 300 Mc) has line-of-sight transmission 
and little more. It follows Band V characteristics in some re- 
spects, but the surface-wave part of the ground wave is almost 
always negligible, so that the received signal is the vector sum 
of the direct and ground-reflected waves. 


Chapter I4 
HOLLOW WAVE GUIDES 


It has been observed (Sec. 11-10) that the resistance 
of a transmission line at ultra-high frequencies is inversely 
proportional to the perimeter of a cross section of the conduc- 
tor. The loss in a coaxial line is less than that in a paral- 
lel pair of wires of comparable overall size, because the tube 
has an inside perimeter much larger than that of the wires. 
There is also the advantage, for the coaxial line, that no ap- 
preciable radiation or interference field escapes through the 
outer metal tube as long as the frequency is high because skin 
effect keeps the current near the inner surface of the outer 
conductor. 

The outer conductor of a coaxial line is usually at 
least 3 or 4 times as great in diameter as the center conductor, 
and so contributes only a small fraction of the loss of the en- 
tire line. It may be surmised therefore that if it is found 
possible to transmit waves through a simple hollow tube having 
no central conductor, then the losses will be very small, since 
they will be produced only in the large-perimeter low-resistance 
inside "skin" of the tube. Dielectric loss is neglected in this 
argument, but this assumption is more justifiable for a hollow 
tube than for a coaxial line, because in a hollow tube no solid 
dielectric supports are required to maintain the position of a 
center conductor. 

It may appear astonishing to find that power may be 
transmitted inside a single hollow conductor when we compare 
this phenomenon with the ordinary transmission of power requir- 
ing two or more conductors. On the other hand, when approached 
from the viewpoint of an electromagnetic wave in a dielectric, 
it appears quite reasonable, since ordinary radio waves may be 
guided by the earth's surface or by the Kennelly-Heaviside layer 
(ionosphere) without a second conductor. 

Hollow wave guides are similar to transmission lines in 
that their primary use is to "guide" or conduct energy from one 
point to another. They should be considered as simply one type 
of transmission line, just as a pair of parallel wires, a sub- 
marine cable, a coaxial line, etc. are other types. But hollow 
wave guides cannot conveniently be treated by ordinary transmis- 
sion line theory as developed in Ch. 11. Instead, it is desir- 
able to use the same basis of treatment as that of radiation 
(Ch. 12), and for this reason they appear at this position in 
the text. In a limited sense they may be considered as a 
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transition case between unguided radiation, ~ discussed in Ch. 12, 
and ordinary transmission lines. 


14-1. The Equations of Wave-Guide Propagation.- To un- 
derstand anything more than the mere fact that under certain 
conditions energy may be transmitted by a hollow wave guide of 
conducting material, it is necessary to develop a theory which 
is based on the Maxwell equations obtained in Ch. 12. It was 
shown there that in a homogeneous isotropic non-conducting medi- 
um free of electric charge, such as the space inside a copper 
pipe, the following must hold* 


2 a = & 

VE #2 oe and V-E=0 (14-1) 
67H 

VE = =z azpr and -V°H= 0 (14-2) 


These are four equations relating the vector electric field in- 
tensity E, the vector magnetic intensity H, dielectric constant 
&€, permeability p (c* = lfie), time t, and position which may be 
expressed in terms of the rectangular coordinates x, y, Z, of a 
point, or in terms of other coordinates such as the cylindrical 
coordinates of a point. 

Consider now a hollow cylindriceal® conducting tube of 
constant but arbitrary cross section and let the X-axis be the 
axis of the tube. Assume the walls of the hollow pipe are 


1. Antenna radiation into space is usually considered unguided except when 
influenced by the earth or the ionosphere. "Guiding" as used here means 
guiding during transmission, and does not refer to directional effects 
introduced at the transmitting point by antenna arrays, etc. 

2. The first part of Ch. 12 is devoted to the derivation of these equations 
and others needed in this chapter, and to expressing them in vector form 
for simplicity. Units used here are also given in Ch. le. 

In the equations (14-1), 


really represents a group of three separate equations for the components 
of E; for rectangular components Ey, Ey, Ez, each component equation is 


of the form 
O°Ex + OF Ex + CoE nya ae (14-1a) 
Ox= .o8y*= O62 = Ot ¥ 
The equation V- E = 0 is, written out, 
OEx , Ofy | OBy | 
Ox ae bate 0. (14-1b) 


Equations (14-2) give similar results for H. 
3. Cylindrical does not mean circular cross section necessarily. 


aio ae 
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perfect conductors. 

Can electromagnetic energy be transmitted through such a 
tube? If fields E and H can be found which satisfy (14-1) and 
in addition satisfy the condition which must be met at the inner 
surface of the pipe, the answer is yes; otherwise it is no. 
Since the pipe is assumed a perfect conductor, the condition at 
the inner surface of the pipe is simply that the component of 
the electric field tangent to the surface must be zero at every 
point of the surface at all times. The material which follows 
is thus.an attempt to answer the query: Are there E and H 
fields which satisfy (14-1) and (14-2) and the surface condi- 
tion? 

Since, as discussed in Ch. 1, any periodic function 
(with restrictions inconsequential practically) may be expressed 
in a Fourier series, and a non-periodic function by a Fourier 
integral, we may consider without essential loss of generality a 
solution for E in which variations with respect to x and time 
are both sinusoidal. Accordingly, we assume 


E = F(y,z) cos (wt - 6x) (14-3) 


where F(y, z) is any function of y and z, but not of x or t. 
Equation (14-3) will represent a wave traveling in the X direc- 
tion* when £6 and w are real quantities. From (14-3) it follows 
that 

67E 2 6°E 2 

ar? = - PE and So = - w'E. (14-4) 


Here w is the angular velocity 2nf, and B is 2n/Ag, where Ag is 
the wavelength” along the X-axis of the wave which is moving in 
the guide. Making these substitutions in the wave equation 


(14-1) there results® 
0°E  06*E 2 
ay? tae a oe (14-5) 


4. See Ch. 11, where traveling waves are discussed and a graph of the pro- 
Bression of a damped traveling wave is given. Note that the wave will 
travel in the positive X direction, and F(y,z) will tell how the magnf- 
tude varies over any cross section normal to X. 

5. It has been pointed out in Ch. 11 and Ch. 12 that a wavelength is the 
amount by which x in (14-3) must change, t remaining fixed, so that the 
argument of the sign changes by 2m. Hence B = 2n/Ag. It is important to 
note here the subscript g on A, since it will be shown shortly that the 
wavelength in the guide is different from the wavelength in an unbounded 
medium. 

6. The vector equation written in (14-5) is equivalent to three scalar equa- 
tions which in rectangular component form are 


2 
O° Ex ) Bx, _ xn, 


Oy= + Ooze (14~5a) 
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where the constant k? = w*/c? - 6°. 
The eR ae babe aa magnetic field intensity are related 
to those of electric field intensity by the third Maxwell law’ 
eH 
=p nani g (14-6) 
The boundary condition, that at the surface of a perfect 
conductor the component of E tangential to the surface shall 
vanish, requires that at the boundary or surface 


EY = 0 (14-10) 
and Ey +E, Z=0 (14-11) 


where ds is an infinitesimal arc of the curve in which the YZ- 
plane intersects the inside surface of the hollow conducting 
cylinder. ® 


14-2, Rectangular Section.- The simplest solution re- 
sults when the transverse cross section of the hollow tube is 
rectangular. Let the edges of the rectangle be a and b units 
in length parallel respectively to the Y- and Z-axes, with the 
X-axis coinciding with one longitudinal edge. See Fig. 14-1. 


(footnote continued) 


OEy OE 
By? + oe = ae k*Ey (14-5b) 
0°E 6°E 
aye + are es "Ey (14-5c) 


7. The equation is discussed in Ch. 12. The vector form given in (1-6) 
represents the following three equations in rectangular coordinates 


Oly OB, Oy | 
8t Sy § 62z (14-7) 


OHy ce OE, fe OEz (14-8) 


H Ot ~ 82” Ox 
OH, OEy OEx ees 


8. Since dy/ds and dz/ds are the direction cosines of ds, (14-11) states that 
the sum of the projections of Ky and E, on ds must be zero. In other 
words, Ey = O assures that of the total component of E tangent to the sur- 
face, the part in the X direction must be zero, and (14-11) requires that 
the part perpendicular to X must be zero. 
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Fic.14-1. Hollow tube of rectangular section, showing axes. 


The four corners are located at y = 0 and a, z = 0 andb. Con- 
sider first the solution to the equation (14-7), namely 


2 2 
3 :E OE 2 
Oy? | on? = 7 Bx 


subject to the boundary conditions stated. This equation and 
the boundary conditions are satisfied if 


E, = 0 (14-12) 


or if a field such as that shown by the solid lines of Figs. 
14-3 and 14-5 exists, which indicates a possible solution 


nilzZ 


5 COs Cot = px) (14-13) 


E, = A sin see 


where m and n mst be integers in order to make E, zero at y = a 
and Zz = b, and there is the further restriction, obtained by 


substituting (14-13) in (14-7), that 
is : m= n2 
ky = 1 (B+ bz) (14-14) 


It may be observed that solution (14-12) is merely the special 
case of (14-13) in which m= 0 orn = 0. 

Unless both m and n are each at least unity, eq. (14-13) 
is identically zero and the field within the tube is zero every- 
where, and when m and n are each just unity, it follows that for 
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this wave, called the TMi,i wave.” Since k* has been defined as 
@-/c* -- BP") it<isi seen that 


Bakes ie 
Ai eA ubatier m (14-16) 


and the lowest possible value of w for — to be real (f* > 0) is 


2 2 
w2 = c® az + ae (14-17) 


For this exact value of w, the propagation phase constant B «is 
zero, indicating an infinite velocity of phase propagation in 
the X or longitudinal direction.*° 

The value of the phase constant, $8, is for any values of 


mandn 
2 2 2 2 
ow eg ee m n 
pa Ne - <o" (8; + Be) (14-18) 


The solutions for Ey and E, from eq. (14-5b) and (14-5c) 
are of the same type, since the differential equations are iden- 
tical in form, but must be subject to the boundary conditions, 
respectively, that Ey = 0 at z= 0 and z = b, and that E, = 0 
at y = 0 and y = a. The three components must also be related 
by the continuity condition V:E = 0 expressed in component form 
in eq. (14-1b), which determines the relative sizes of the am- 
plitude coefficients. We have therefore 


Ee a sin — sin ae cos (wt - Bx)3(14-19) 
< mn mqty nilzZ ‘ " 
Ey =A oe Pe sin — sin (wt Bx); (14-20) 
E, =A BE sin vee g05 etry.(ot ax Px). (14-21) 


. When the components of E have been found, the components 
of H are easily obtained by substitution in the third Maxwell 


9. The TM stands for "transverse magnetic." It is shown below that Hy = 0, 
hence the magnetic field is transverse, that is, has no component in the 
direction of propagation (X) of the wave. 

10. Phase velocity = r/T where T is the period (T = 2n/w). The distinction 
between phase velocity and actual velocity of energy propagation was 
brought out in Ch. 11 in connection with transmission lines; the dis- 
cussion applies equally well here. 

Equation (14-18) indicates that B in the hollow wave guide is al- 
ways less than w/c. Since w/c is 2n/A where Ais the wavelength in an 
unlimited medium, Ag is either greater than or at the limit equal to A. 


b: 
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law as expressed in eq. (14-6). The H components as thus ob- 
tained are: 


Hy = 03 (14-22) 
Hy =-Azz > sin = cos = sin (ut - 6x) (14-23) 
Hy ef = 7 eOn sin = sin (wt - 6x) (14-24) 


Equations (14-22) to (14-24) can be rewritten 


H, = 0 (10-25) 
Hy = -€ 4 Ez (10-26) 
H, = © & By (10-27) 


which shows that the essential difference in the fields lies in 
the fact that E has a longitudinal component E,; that is, a com- 
ponent in the direction of propagation down the hollow guide. 

A plot** of the electric and magnetic field intensities 
is shown in Fig. 14-2 for the type of wave just derived, with 
m= landnez= 1. This wave is designated as the TMi1,1 wave, 
since it has a transverse component of H, the double subscripts 
indicating the values of m and n.. 

The phase velocity v, , in an air-filled pipe a x b for — 
the TM, , wave is ; 


W Cc 
Vv = 14-28 
m,n Bn yn / - (on n/®) ( 


where 8y,n is the phase constant given by 


2 2 2 
2 Ww = ae fe n 
mate aden (s + pz i (14-29) 


ll. The reader will find in the literature on hollow wave guides many plots 
of field lines. This is because (1) the theory is built up in terms of 
fields, hence the field distribution is of as much interest here as is 
the current distribution along an ordinary two-wire transmission line; 
(2) methods of supplying energy to wave guides and extracting energy 
from them depend to a considerable extent on field distribution; and 
(3) calculation of energy transmitted depends on the use of Poynting's 
vector (Ch. 12) which in turn requires a knowledge of the field dis- 
tribution. 
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FIG. 14-2. The TMi,1 wave. Solid lines are field lines of 
E, dotted lines of H. The configuration shown in the side 
view, which is a section parallel to the side and passing 
through the center of the tube, is to be pictured moving to 
the right at a speed equal to the phase velocity. In the 
side view, a solid dot is a magnetic field line coming out 
Of paper, a circle is one going into paper. 


and W,,, 1s the cutoff angular frequency” for the same type of 


wave, equal to 


ie. 


13. 


a n= 


Wmn = ¢ 1 ae a SA (14-30) 


The group’ ° velocity Van is - 


ow c* c= 2 
vn Tie 2 tas cies Vag are (14-32) 


This is the most important single result obtained. At a frequency below 
that given by (14-30), B* becomes negative, see (14-29), and hence fis 
imaginary. The fields are then not propagated, but are attenuated rapid- 
ly. As the reader can show from (14-30), hollow wave guides are essen- 
tially u-h-f devices, since the frequency must be high before a field can 
be transmitted through a hollow wave guide of reasonable size. 

Group velocity is introduced here because it is sometimes of more im- 
portance than phase velocity. Group velocity can be illustrated thus: 
Consider two waves of the same amplitude but slightly different frequen- 
cy and wavelength 


A cos (wt - Bx) (14-31a) 
and A cos [(w+Aw)t - (B +AB)x] | 
By trigonometric manipulation the sum of these can be reduced to 

2A cos 5 (tAw- xAf) cos (wt - Bx) (14-31b) 


The phase velocity of the wave (14-3la) is w/B, that is cos (wt - Bx) 
has the same value at time t2 and position xo as it had at time t, at 
position x, provided 


Wt, - Bx, = Wt - fro 
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The wavelength Ag in the guide is Ag = 2n/f, and since 
B in the guide is always less than the same quantity in un- 
limited space (see 14-29), Ag is always greater than A, the 
wavelength in unlimited space. | 

Rectangular Section. Transverse Electric (TE) Waves. 
It has been shown in the preceding paragraphs that fields can 
be propagated down a hollow wave guide provided the frequency 
is great enough, and provided the fields have certain definite 
distributions. An entirely different type of wave may be trans- 
mitted through the rectangular tube. We have just considered 
the TM wave having a component of E in the axial (x) direction, 
but no H component. Conversely, there may exist a set of waves 
having a component of H, but none of E, in the axial or X di- 
rection. To solve for this other type of wave, called TE or 
transverse electric waves, set 


Ex = 0 (14-33) 


and write, as in eq. (14-5b and c), 
2 2 
0 Ey fe) Ey 
oy 5s 0z 
0“E 6°E 2 

and “Oy? + anti = -k'E,. 


- k*Ey (14-34) 


The equation containing E, in (14-5) has dropped out since Ex 
and all of its derivatives are assumed zero. The value of k* is 


(footnote continued) 
fe) 


distance interval XS iE, Ow 
ae a) ie a ee Be me, VOLOCLLY-O1 tion. 
time interval hwo teh bacco phase propagation 


1 
In (14-31b) the situation is not so simple, but if 2A cos 5 (tQw - xB) 


is taken to be the magnitude of the wave, then this magnitude, by an ar- 
gument exactly like that above, moves with a velocity 


Ay) dw 
AB or, for small differences, ap 


This is the quantity known as group velocity. If, now, a pulse contain- 
ing many components of different frequencies travels down a transmission 
line of any kind (including in this group hollow wave guides), it is more 
likely to travel at the group velocity rather than the phase velocity. 
The latter is substantially a steady-state concept, and the fact that in 
the steady-state a wave, or any givén phase of the wave, seems to travel 
at the phase velocity does not say that the effect of an arbitrary change 
at the input end is transmitted at this velocity. Only after a steady 
alternating state is reached will the apparent velocity be the phase ve- 
locity. 

Note that, by (14-32), the phase velocity in the guide will always 
be greater than c (= 3 x 10° meters: per second) when the group velocity 
is less than c (always true). 
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the same as previously, that is: 
Kk? = 5 - 8B?. (14-35) 


‘Obviously the solutions of (14-34) are again sine and cosine 
functions, since the second derivatives are proportional to the 
negatives of the functions. Since the boundary conditions re- 
quire that 


Ey Typ, 4-0 (14-36) 


in order for the tangential component of E to vanish at the 
boundary, we must have in any YZ-plane 


By dca en (14-37) 
E,© sin — cos eos (14-38) 


Thus the total E becomes equal to Ey (i.e., E, = 0) at the. edges 
where z = O and z = b, and E = E, (i.e., Ey = 0) at the edges 
where y = O and y = 

From the SGltion of continuity, eq. (14-1b), simplified 
by the fact that E, = 0, 


0E dE 
ay pA “aes pa 
Oy ae = 0, (14-39) 


the relative size of the coefficients in eq. (14-37) and (14-38) 
is determined. The coefficient of the expression for Ey must be 
in proportion to the coefficient of the E, expression in the 
ratio of nt/b to -mn/a. Any common arbitrary multiplier may be 
used, and we find it convenient to write, in terms of an arbi- 
trary amplitude coefficient B, 


Ex = 0; (14-40) 
Ey = -B =e = GOS ae sin en ae (wt - Bx); (14-41) 
E, = Bye sin — cos = sin (wt - px). (14-422) 


The expressions for the components of H are derived from these 
three expressions, just as before for the E wave, by substitut- 
ing in the third Maxwell law as stated in eq. (14-7). The re- 
sults are 


Hy, = -B cos cos —— cos (wt - fx); (14-43) 


ra 
H, = Be 


mry 
a 
sin a cos —— sin (wt - fx); (14-44) 
mmry 
a 


sin — sin (wt - Bx). (14-45) 
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It is seen that Ey = 0 
By = - 1% i, (14-46) 
and E, = RES (14-47) 


When both m and n are zero, all components must vanish, 
but either m or n may be zero provided the other is an integer.. 
The TEo,1 wave (i.e., m= 0, n= 1) has the lowest cutoff fre- 
quency of all which can be transmitted through a given tube, 
and for this 1Eo,1 type we have: 


Ex = E, = Hy = 0 and (14-48) 
Ey = B = sin = sin (wt - Bx); (14-49) 
H, = - B_ cos = cos (wt - Bx); (14-50) 
H, = B a sin = sin (wt - Bx). (14-51) 


A plot of the E and H field lines for the TEo,1 wave is 
shown in Fig. 14-3. Plots of the TE1,1, the TEo,2, the TEi1,2 
waves are also shown, in Figs. 14-4 to 14-6 inclusive. 


14-3, Circular Section.- For tubes of circular section 
it is convenient to use cylindrical coordinates. Let the X-axis 
be coincident with the axis of the tube, and p and 9 be respec- 
_ tively the radius vector and angle to any point in a plane nor- 
mal to the X-axis (Fig. 14-7). 

The wave eq. (14-1) in cylindrical coordinates, corre- 
sponding to eq. (14-la) in rectangular coordinates, may be de- 
rived analytically directly from the latter, or else it may be 
arrived at by setting up the fundawental electromagnetic rela- 
tions initially in cylindrical coordinates. In either event we 
have the wave eq. (14-1) in terms of the three electric field 
intensity components E,, ae and Ee: 


6°E OEx , Snaete: oO" Ey. 
er 8p x Se - 4 oe, 


E 1 6E 1 6°E 140° 
Boab, Boban 4B ay ° a4 
Sp 4 oo et 9B. 5 9 Be, (14-52) 


“ 1 6°: 6°R 1 8°E 
a + Foe ee nee =e a 


avs 
Assuming sinusoidal variation with x and t as in (14-3), we set 


E = F(p,@) cos (wt - fx) (14-53) 


466 ULTRA-HIGH-FREQUENCY TECHNIQUES 


SIDE VIEW 


LT LT a a a a 


Aa 


Ti 


sf, 


: 


4 
Y 4 
y f 
y y OOP hh hhh lh hel ae 
y 4 
y y 
wf é 
ds s 
“ y y TOP VIEW 
; : y eae \ a e : aera) 
Y A y ee ee ania ae era Mu ? ase 
-—— 4 en XN —- 
lsexmaamauwanwma ass, : mS a, Nunp 7 oe a < uy Hg eres 
SS ge ga treee WEL Paes 
hae MEE | 1 aE at 
Cy HEE © OS PHBE ¢ 
—- ELECTRIC INTENSITY a J ! Mt \ \ eet ont J | ht \ % ae 7 
——— MAGNETIC INTENSITY ae FIN oe de ee eae 
oe ees od vf \ Pe a aN ‘ Swe 
aie Sra =-—<-—— Nee =a 
eS Ve \ | Mt wenn ee - J AS ete 


SS ee ee we ewe @ free ae 


Li & 4 Se as ee el ee 
@ , . ae § a Seem ad a as F< rae 
\ \ SA File, ee = 
eens Sethe § ee ee es am as Ne ogre 
; § my ‘ \ Wy 7 amram ye “A al bint. o= 
) Nelehbing OF Uy y vine lo 
f § aE ee Yo oulyat tg 
§ SP ON ee ae ta da 
Y $ “ool JIN aS Raraiee Ne, koe ee 
y Pa ANS Selle JOSS 
§ Eg ce. Eee ts i, ea 
§ eT Jovy ae oe ;\ Neo eigen 
p p me ee ‘ ws 22 sus. Siena 
y = A eae =f0 San eC eEaee SS eae 


e& 
& 


FIG. 14-4. The TE1,1 wave. 


1 

"Salid Aides ate field lines of E, dotted lines of H,. 
The configuration shown in the side view is to be pictured m 
moving to the right at a speed equal to the phase velocity. 


whence 

2 2 

Ses 7) Ose re 

a B°E and 3 w'E (14-54) 
as in (14-4). By these substitutions, eq. (14-52) reduces to 

2 2 

oF, , 1 0B, , 1 O°By | eee 

op) p op tps aor > ayes 

2 vig ex 

6°E 16E 16.5 2 

+=— R45 — P= - ; - 

ne Ep Tse tee FTN k*Ep3 (14-55) 

2 2 

St ee ee 
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FIG. 14-5, The TEo,2 wave. 
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FIG, 14-6. The TEi,2 wave. 


"Solid lines are field lines of E, dotted lines of H. 
The configuration shown in the side view is to be pictured : 
moving to the right at a speed equal to the phase velocity.” 


The boundary condition for E, is that E, = 0 atp =a, 
on the assumption of a perfectly conducting tube wall. To 
solve, we may assume that 


Ex, = Po + Pi cos 8 + Po cos 20 +.... (14-56) 
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Fic.14-7, Hollow tube of circular section, showing 
location of any point P by cylindrical coordinates 2, p, 9. 


_ where Po, Pi, etc., are functions of p but not of 6. Substitut- 
ing the general term Py, cos n@ into the first of eq. (14-55) 
givés 2 
OEP a aOR aye 
@P p 6p 


This is Bessel's equation, having a solution J,(kp) which is 
everywhere finite, and a second solution with an infinite value 
at the origin, and variously designated as Gyp(kp), Kn(kp) and 
Hn(kp). For the present we must discard the second solution be- 
cause no component of physical field within the tube can become 
infinite on the axis or elsewhere. 

The first solution is derived readily by assuming a sim- 
ple power series 


n2 
5 97) Pn = 0. (14-57) 


P, = 8o + aip + Bop + (14-58) 


and substituting into (14-57), then equating coefficients of 
like powers to zero. The resulting series is the Bessel func- 
tion of the first kind and the nth order, J,(kp), equal to: 


kp)* kp)? kp) * 
Ja (icp) = BBE E ety ST a (hen 
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i 
or in more compact form ig 


CO wee k n+ 28 
Jn (kp) = ere s!(n+s)! (%) 


which is the form in which the result was stated in connection 
with frequency modulation (Ch. 6). 

The complete expression for the TM wave of the nth type, 
traveling in the positive X direction, is 


Ex = A J, (kp) cos n@ cos (wt - fx). (14-60) 
The Ep and Eg components are given by the expressions: 

Ep = A £3 (kp) cos n@ sin (wt - fx) (14-60a) 
and Eg = - A =e J, (kp) sin nd sin (wt - fx);(14-60b) 
where z. indicates the derivative of J, with respect to its ar- 


gument. 
The H components are obtained by using (14-65) to (14-67) 


and are 
By =O; (14-61) 
Hp = Ae ners Jn(kp) sin n@ sin (wt - fx) (14-61a) 
and Hg = Ae = J,(kp) cos n@ sin (wt - px). (14-61b) 


As in previous cases, it may be noted that some of the 
components of E and H are simply related to one another (com- 
pare (10-25) to (10-27) for TM waves in a rectangular guide): 


Hy, = 0 
Hp = -€ 3 Be (10-62) 
Hg = € 3 Ep (10-62a) 


The values of k are restricted to those for which 
Jp(ka) = 0, in order to make Ey and Eg = 0 where p= a. A plot 
of the Jo and of J; Bessel functions is shown in Fig. 14-8. The 
values of the argument at which these functions are zero may be 
read approximately from these curves. The values of these roots 
are, more precisely: 


14. There are numerous texts on Bessel Functions, two of which are 
A Treatise on Bessel Functions, etc., by Gray, Mathews, and 

Macrobert, Macmillan, 1931. 
Bessel Functions for Engineers, by McLachlan, Oxford, 1934. 
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|_| Fig.1418. The Bessel Functions 1418. The Bessel Functions}4 (x) and J; (x) 
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The simplest form of wave of the TM type and the one 
having the lowest cutoff frequency is that in which n = O and 
smallest root of the Bessel function is used; namely, 2.405. 

Setting n equal to zero and giving k a value such that 
k a is equal to the first root of the zero-order Bessel func- 
tion, 2.405, we have for the components of the TMo, 1 wave ina 
round tube: 


Ex; =A Jo cos (wt - fx) (14-63) 
Ep =-A E Ji 8in (ot tx) (14-63a) 
Eo = Hy = Hp = 0 (14-63b) 
By =e = Ji sin (wt - 6x) (14-63c) 


in which u = 2.405/a and each J has an argument up. 

Note that these sets of equations satisfy the equation 
of continuity V* E = 0, which in cylindrical coordinates is of 
the form 


(oEp) +— 9 + Sz. o (14-64) 


ry = 66 = 


and the H components are derived from those of E by the third 


Maxwell law, V x aia oor which is here expressed: 


Liege ,iel OF OH . 
mcr pry eet eet (14-65) 
OEp SE, __—S««,séO re 

8x Spd cere Oe’ (14-66) 
126 1 8Ep _ 0H 
p 8p (pE@) - O°) BG> aaa Ot: (14-67) 
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The wave just derived may be designated as the TMo,1 
wave, and waves of this general type as the TMn,m wave where n 
is the order of the Bessel function associated with the expres- 
sion for the axial component of E, and m is the number of the 
Bessel function root employed. The fields are shown in Fig. 


GN 


/ 
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FIG. 14-9. The TMo,1 wave in a circular tube. 
Solid lines of E, dotted lines of H. 


Circular Section. Transverse Electric (TE). Waves. 
Waves may exist having Ey, equal to zero and H, of finite value, 
analogous to the case of the tube with rectangular cross sec- 
tion. Using the same methods of analysis as those employed 
heretofore, we find: 


Ex = 03 (14-68) 
Ep = B me Jn(kp) sin no sin (wt - 6x) (14-69) 
Eg = B-? Jn(kp) cos n@ sin (wt - px) (14-70) 
H, = Bv,(kp) cos no cos (wt - 6x) (14-71) 
Hp = BE J,(kp) cos nd sin (wt - Bx) (14-72) 
Ho = - B ae J,(kp) sin n@ sin (wt - fx) (14-73) 


As in the other cases, some of the components of E and 
H are related: 


E, = 0 
Ep = - u B He (14-74) 
Eo = bt 3 Hp (14-75) 
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Compare (10-46) and (10-47) for TE waves in a rectangu- 
lar guide. The permissible values of k are those which make Eg 
zero when p = a, that is those for which J,(ka)= 0. Jo has its 
first zero at 3.832 and Ji at 1.841. Thus the TEi,1 mode has a 
higher cutoff value of A than does the TEo,1 mode. 

For the TEo,1 mode, 


H, = - B Jo cos (wt - Bx) (14-76) 
Hp = B . Ji sin (wt - 6x) (14-77) 
Ho = E, = Ey = 0 

Eo =u g Hp (14-78) 


in which u = 3.832/a and each J has an argument up. 

For this wave mode the attenuation may be made excep- 
tionally small simply by increasing the frequency sufficiently; 
because the current in the conductor becomes less as the fre- 
quency is increased. This situation is radically different from 
the usual one where loss and attenuation increase indefinitely 
with increasing frequency. 

For the TE1,1 mode, which has the lowest cutoff frequen- 
cy of all TM and TE waves in a pipe of circular cross section, 


H, = B Ji cos 6 cos (wt - fx) (14-79) 


Hp = B a (Jo - Jo) cos 6 sin (wt - fx) (14-80) 


Ho = - B = Ji sin 6 sin (wt - px) (14-80a) 
E, = 0 

Ep = - ug He (14-81) 
Eg = ut a Hp (14-81a) 


in which u = 1.841/a, w = 3.39/a, and each J has an argument up. 

Figure 14-10 shows four field patterns for a circular 
hollow wave guide. 

Dielectric Solid Wave Guides. It may be noted here 
that a solid dielectric "wire" has the property of guiding 
energy from one point to another. Such a solid dielectric wave 
guide has no metal associated with it. The theory is somewhat 
similar to that developed above, and the configurations of some 
possible fields in cylindrical solid dielectric wave guides of 
circular section resemble those shown in Fig. 14-10. However, 
there is no confinement of the electric field lines in the cyl- 
inder in the manner shown in the figure. The lines continue 
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FIG, 14-10. Electric and magnetic lines of force ina hol- 
low wave guide of circular section. Note particularly the 
TEo,1 wave, for which the attenuation is very low (see 
Table 14-I). The waves move through the guide from left to 
right. Each right-hand picture is one wavelength long. 
(From Southworth, Proc. I.R.E., July 1937.) 
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into space, in a way determined by the appropriate boundary con- 
ditions: 


14-4, Power Flow. The Poynting Vector. *-- The flow of 
power in a hollow wave guide is calculated from the expressions 
for the E and H fields by the use of the Poynting vector P for 
density of power flow: 


P = Ex H watts per sq meter (14-82) 
which has an axial component 
R = EyH, - E,Hy watts per sq meter (14-83) 
in rectangular coordinates, or 
BR = EoHp - EpHg watts per sq. meter (14-84) 


in cylindrical coordinates. The integral of P, over a cross 
section of the dielectric is equal to the total power flow. 
Practically, we need consider only the simple modes of relative- 
ly low cutoff frequencies, namely the TMi,1 and the TEo,1, and 
perhaps the TE1,1 modes. For the TMy,,, mode in a rectangular 
pipe a x b meters in section, 


er 2 
Py, = Ae ae 2 (sin? —~ cos sl = (cos® a2) sin* ne sin (wt - Bx) 
k a a a io) 
(14-85) 


For the TM,,, mode in a square pipe a x a, 


2 
Py = A oe j=in® = cos ne + cos” ose sin> = sin= (wt - fx) (14-86) 


The average power, or average energy per unit time, 
passing in the X direction is obtained by first averaging Py, 
over a period [average of sin*~ (wt - fx) is 4] and then in- 
tegrating the result over a cross section of the guide normal 


TO rk 
seed bared (a 
Ferd aa 
x 2 J, B Py dydz 
= A* <ieee average watts (rec- (14-87) 
tangle). 


If the pipe is square and the mode TMi,i1, this simplifies to: 
2 
epwa 
P, = A* eo average watts (square section). (14-88) 
The constant A is equal to the maximum axial electric intensity 


15. The Poynting vector is derived and discussed in Ch. 12. 


—— 
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Ex, Which occurs at the center of the pipe. It is measured in 
volts per meter. 
For the TE type of wave in a rectangular pipe, 


22 
wn 
Peis Bo LL a ab watts (14-89) 
which for the TEo,1 mode becomes 
wb* 
P, = BY up a ab watts (14-90) 


in which B is the maximum value of axial magnetic field, in 
ampere-turns per meter. 

Many of the formulas for wave-guide transmission may be 
expressed in terms of cutoff frequency in a form which is inde- 
pendent of the shape of the cross section. It will be found 
convenient to collect the various formulas for reference and 
comparison. 


14-5. Formulas for Reference.- In Table 14-I numerous 
formulas are collected. Note the-important fact mentioned above 
that for the TEo,1 wave in the round tube, alone of all the 
waves, the attenuation decreases as the frequency increases. 

Concerning hollow wave guides, two basic questions are: 
Can they be used? and is it worth using them? The first ques- 
tion has been answered in the preceding work. The second ques- 
tion depends for an answer primarily on the attenuation. It is 
not feasible to enter here into the determination of attenuation 
for the various types of waves and guides. The calculation of 
losses and attenuation is often accomplished with sufficient 
precision by using the skin-effect resistance formula based on 
the equivalent depth of penetration, equal to 0.0662/\/f meter 
for copper. The amount of charge at the terminals: of the E 
lines is used to obtain a surface charge density, which multi- 
plied by v gives a current density. The loss surface density 
is computed and integrated over the periphery. For the sym- 
metrical Eo and Ho waves in round tubes the current density is 
independent of 6, but for the higher modes and in the rec- 
tangular pipes the current density varies. 

The order of magnitude of the attenuation in copper 
tubes of size appropriate to 0.1 meter waves is 0.01 to 0.02 
decibel per meter, far lower than values for coaxial cable or 
line of any other type when operated at this wavelength. 

The wavelength Ag in a guide, in terms of the free- 
space Wave length A and the cutoff wavelength A,, is 


and A in terms of Ag and X,_ is 
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seat Agde 
Ae 7 G 
From the last equation it is possible to determine A and hence 
the frequency from measurements by probes of wavelength in a 
guide whose cutoff wavelength is known. 

For properly matching a guide to input and output im- 
pedances, a knowledge of the characteristic impedance of wave 
guides is helpful. The characteristic impedance for wave guides 
may be defined as the voltage-to-current ratio of a unidirec- 
tional wave, or as the quotient of power divided by current 
squared. There is a ratio of n/4 between values given by the 
first and second definitions, respectively. 

The lowest characteristic impedance Zx obtainable in a 
round pipe is 3553 ohms. In a rectangular tube where a is less 
than b, Zk may be given any value between O and 465 by varying 
the side a while the side b and the operating frequency remain 
fixed; because, the characteristic impedance is directly pro- 
portional to the narrow dimension a. By varying b as well, any 
value whatever for Zx may be attained. 

Southworth points out that the linear variation of Zr 
with a indicates that the proper design of a junction or branch 
in a rectangular wave guide is to have the small dimension in 
the two branch lines equal each to one-half the small dimension 
&@ in the main line, with the longer dimension b remaining the 
same. This seems anomalous when compared with the branching of 
the ordinary two-wire transmission line, because there the two 
equal branches should have values of ZK of twice that of the 
main line. In the wave guide, however, the transverse E field 
is halved at the junction, so that in a certain sense the two 
branches are in effect in series. 


14-6. Excitation, Measurement of the Field Configura- 
tion, Use of Probes.- The excitation of a desired type of wave 
within a hollow tube may be accomplished by the insertion of a 
small antenna with an orientation designed to radiate a field 
approximating at least roughly the field of the desired wave 
type. Thus an antenna coincident with the axis would tend to 
set up TM waves, and a small loop normal to the axis would more 
successfully set up TE waves.-° Other methods*” are illustrated 
in Figs. 14-11 and 14-12. 


16. Chu, L.J., and W.L. Barrow, Electromagnetic Waves in Hollow Metal Tubes 
of Rectangular Cross Section, Proc. I.R.E., 26, No. 12, Dec. (1938). 

17. Southworth, G.C., Some Fundamental Experiments with Wave Guides, Proc. 
I.R.E., 25, No. 7, July (1937). 
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FIG. 14-11. Arrangements for setting up different types of waves 
in a rectangular guide. (Chu and Barrow. ) 


The configuration of the electric field lines may be 
demonstrated by the use of a probe with a crystal detector or 
rectifier. Two short pick-up wires or antennas are used to 
probe in the wave-guide field, and bring power to the crystal, 
from which connection is made to a microammeter. The probe 
should be short; for example, for 10-cm waves the total length 
of the detector with its antennas may be about an inch. The 
crystal, with its two projecting probe antennas, may be mounted 
at the end of a thin bakelite tube, through which the d-c leads 
may be brought. The direction of the electric field lines at 
any given point may be determined by holding the probe at that 
point and turning it until a maximum reading of the microam- 
meter is obtained. The direction of the field will then be the 
same as that of the probe wires. The reading of the instrument 
will afford at least an approximate quantitive idea of relative 


es 
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FIG, 14-12, Arrangements for setting up difrerent types of waves 
(Southworth). The left-hand figure shows formation of the T™ 0,1 wave. 


field strengths, when the probe is placed in different positions 
and with different orientations. 

Probes of this type are useful in many different ways. 
If the antenna system is less than a quarter wavelength, the 
response will be nearly linear even though the signal frequency 
undergo a change of several per cent, and the probe is conveni- 
ent to use in adjusting a klystron or other oscillator for maxi- 
mum output. They are useful in showing the presence of waves, 
or whether an ultra-high-frequency generator is actually in 
oscillation. A probe may readily be built to respond to.a power 
of a few milliwatts. 

There are at least three properties of a wave guide that 
are of practical importance. One is its ability to propagate 
wave power from one point to another. Under reasonably favor-. 
able circumstances, wave guides introduce far less loss than 
conventional wire lines of either the parallel-wire or coaxial 
variety. A second property is a necessary consequence of the 
first and relates to resonance. If a short piece of wave guide 
is bounded at one end by a metal barrier which may take the form 
of a tightly fitting but movable piston, and bounded at the 
other by a fixed plate with a.circular iris an inch or two in 
diameter, the chamber so formed may be made to resonate. Rough- 
ly speaking, resonance occurs when the length is an integral 
number of (guide) half wavelengths. This simple half-wave re- 
lation will, however, be modified greatly by the size of the 
iris chosen. This second property is in effect a reactive 
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property. It makes it possible to use such a cavity as the 
high-frequency counterpart of the simple tuned circuit consist- 
ing of a coil and condenser. In one form it may be given a 
calibration and be used as @ Wave meter. In another it may act 
as a matching transformer between two guides of differing char- 
acteristic impedance, while in a third it may either match a 
generator to a line, thereby presenting to it a more effective 
load, or it may match a line to a receiver, thereby impressing 
on it a maximum of available wave power. A more generalized 
statement would, of course, be that such a chamber can be used 
to match a source to a load. 

‘The third useful property of a wave guide is its radiat- 
ing property. One example is the open end of a wave guide. A 
portion of the wave power arriving at the open end of a pipe 
proceeds into the free space beyond and is lost to the guide. 
If we flare the open end into a horn of suitable proportions it 
enhances radiation and may at the same time launch the same with 
considerable directivity. If we like, we may regard the horn as 
a device that tends to match the guide to the outside medium. 
Southworth and King have published’*® the directional patterns 
which appear in Fig. 14-13 and serve to illustrate the use of a 
horn as a radiator at high frequencies. 


14-7, Practicat Aspects and Applications.+%- In appli- 
cations where attenuation is of very great importance, it is de- 
sirable to use copper as the guide material. However, in many 
cases, and especially for short runs, the metal that works 
easiest mechanically (brass) is probably best. If necessary, 
silver plating may be added at a moderate cost. It is, of 
course, preferable to work with standard materials and dimen- 
sions. For 3000-mc (A = 0.1 meter) waves it is convenient to 
use circular brass pipe of 3" outside diameter with 1/16" wall. 
For rectangular pipe, either 1-3/4" or 1-1/4" x 2-1/2" (outside 
measurements), each with 0.081" wall, is suitable. Outside di- 
mensions are specified because they are the ones listed by most 
American manufacturers. 

It has already been pointed out that a short section of 


18. Southworth, G.C., and A.P. King, Metal Horns as Directive Receivers of 
Ultra-Short Waves, Proc., I.R.E., 27, No. 2, Feb. (1939). 

19. Virtually all the rest of this chapter is an exposition of the proper- 
ties of hollow wave guides and resonators, presented in the form of a 
discussion of experiments illustrating these properties. The material 
follows substantially a note prepared by Dr. G.C. Southworth for the 
u-h-f techniques course. The authors are glad to acknowledge here their 
indebtedness to Dr. Southworth for this material. 
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wave guide suitably bounded by metallic barriers may be made to. 
resonate and may thereby function in a variety of very useful 
ways. This is, of course, quite analogous to a similar use 
sometimes made of Lecher wires or of tuned coaxial lines. With- 
out going into a lengthy discussion of the theory of this proc- 
ess we will proceed with a description of various ways by which 
its principles may be demonstrated. 

Apparatus suitable for this purpose consists of a piece 
of 3" circular brass pipe perhaps a foot long. In one end is 
fitted a circular metal piston that may be moved back and forth 
over a distance of perhaps 8" preferably by a rack and pinion. 
At the other end is fastened a plate of brass having a central 
iris perhaps an inch in diameter. 

One very simple way to make a test is to bring this 
resonator within a foot or two of a 10-cm oscillator and mount 
close to the iris the hand probe already described. Under this 
circumstance the crystal detector current may be 100 micro- 
amperes. If now we slowly move the piston along the guide we 
obtain a point where the detector current takes a sudden drop. 
This is one of the resonance points. Moving the piston further 
along one may obtain a second position in the standing wave pat- 
tern. The intervening distance is, of course, a half wave as 
measured within the guide. The corresponding wavelength in free 
space may be calculated; see Table 14-I. 

By making a slight modification in the above chamber we 
may improve its accuracy very considerably. To this end we re- 
place the rather crude external indicator by an internal indi- 
cator. The latter is a form of the above probe mounted on the 
outside but having a small pick-up wire that reaches inside the 
chamber to bring out for indication purposes a very small part 
of the total available power. In this case we locate the reso- 
nance points by a maximum reading rather than by minima. We 
visualize this indicator as a high-impedance device and accord- 
ingly try to locate it near the voltage maximum inside the 
chamber. This will be approximately a quarter wavelength back 
of the iris. We must, of course, keep in mind that this wave- 
length Ag is the one measured inside of the guide. For the case 
at hand this quarter-wave distance is about 4 cm. 

A probe suitable for this use will extend about 1/4" 
into the guide. Carefully made readings of wavelength may be 
expected to agree with calculation to within a few tenths of a 
per cent. A resonant chamber suitable for the purpose is shown 
schematically in Fig. 14-14. 

The Q factor*° for the above chamber will depend on the 
size of the aperture, and the losses incurred in the walls. 
Their relative importance will be roughly that of the order 


20. Defined in Ch. 10, q.v. 
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Fic, 14-14. Resonant chamber with internal probe. 


presented. The Q of such a chamber may easily be made 1,000. 
By careful design, it may be extended to 10,000 or even higher. 
It is obvious, of course, that a very satisfactory resonant 
chamber may also be built from rectangular pipe. 

Some interesting experiments may be built around a 
chamber of this kind. It is instructive, for example, to plot 
resonance curves for the cases where the end of the pipe is 
open, where it is closed by a large iris, where it is closed by 
& small iris, and where irises of intermediate size are used. 
One may also place diametrically across the chamber at a volt- 
age-maximum, rods of dielectric, say polystyrene and bakelite, 
and plot a resonance curve for each. -This will show the rela- 
tive losses produced by these materials and should promote a 
better appreciation for good dielectrics. 

The Traveling Detector. Another particularly useful 
piece of apparatus has, for the want of a better name, been 
called a traveling detector. It consists of a probe like that 
just described mounted on a slider free to move along a longi- 
tudinal slot cut in a wave guide. The travel may well be as 
much as 16" with a length of pipe of 20". There is illustrated 
as Fig. 14-15 a very simple form of this apparatus that is 
probably adequate for most experimental purposes. If the slot 
were so located as to interrupt the flow of currents in the wall 
of the guide as shown in Fig. 14-16a the result would, of course, 
be serious but when it is located as shown in Fig. 14-16b it has 
little effect on the waves within. The latter condition LS) Or 
course, that in which the traveling detector is used. The 
traveling detector affords a means for examining the relative 
Magnitude of any standing waves that may be present in a wave- 
guide system. Since standing waves mean oppositely directed 
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Fic.14-15. Simple form of travelling detector. 


waves and in most cases reflection, this apparatus permits us 
to test for the presence of electrical discontinuities and, in 
addition, we may measure the coefficient of reflection. Under 
certain circumstances the apparatus may also be used to measure 
passing wave power. 

If the detector itself follows a square law or some 
other known relation, we may derive from its meter readings the 
relative amplitudes corresponding to the peaks and valleys of 
the standing wave. Since the first represents the sum of in- | 
cident and reflected waves and the second their difference, we 
may derive in arbitrary units their respective amplitudes. 
Their inverse ratio is the reflection coefficient. If by some 
means. this factor can be made zero it is fair to say that we 
have terminated the wave-guide line in its characteristic im- 
pedance. It is obvious also that if the load that terminates 
this guide can be made to measure quantitatively the wave power 
received, we may then calibrate our traveling detector at each 
of several levels and thereafter be able to tell how much power 
is passing. 

There are several interesting simple experiments that 
may be built up around the traveling detector. For example, 
there is shown in Fig. 14-17 a set-up consisting of an oscilla- 
tor A spaced perhaps a foot from the open end of a wave guide B. 
The significance of the horn shown dotted will follow shortly. 
A traveling detector of the kind just described is shown at C. 
At the remote end D of the traveling detector there may be at- 
tached various devices whose reflection effects are to be de- 
termined. The first may be a solid disc of metal. Its coef- 
ficient of reflection will be substantially unity. The second 
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may be a similar disc 
with a one-inch iris. 
The coefficient of re- 
flection may still be 
high but not unity. These 
may be followed by pro- 
gressively larger irises 
until the open end of the 
pipe “s.9sed~= In this 
case reflection will be 
small but not zero. Fi- 
nally a small horn may be 
attached and the reflec- 
tion will be found to be 
substantially zero. The 
latter will be convincing 
proof of the efficacy of 
a horn as a termination. 
The irises used in this 
experiment may very well 
be those used with the 
resonant cavity above. 
With the travel- 
ing detector at hand it 
is possible to test the 
degree of electrical 
(b) smoothness of twists and 
Fic 14-16 The effect of slots upon transmission bends that may be placed 
of the dominant wave; lines across the guide in a wave-guide line or 
indicate the electric force, arrows in the inside the smoothness of such 
wall indicate conduction currents. circuit elements as match- 
; ; ing units or terminating 
receivers. In fact it now appears that in assembling for the 
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Fic. 14-17. Simple setup for measuring coefficients of reflection. 
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first time a rather complicated system of microwave components 
an engineer will need to verify in advance that no serious dis- 
continuity prevails in any particular part of his system. 

Matching Units. If we were to place beyond the travel- 
ing detector the sharply resonant chamber described earlier we 
would probably find that there would be no very stable adjustment 
at which it would terminate the line. If, however, we were to 
place in the cavity an absorber such as the rod of bakelite used 
earlier or possibly a substantial amount of slightly moistened 
cotton we would have little difficulty in choosing an iris diam- 
eter and a piston adjustment that would provide a termination. 
In this instance it would be proper to regard the chamber as a 
transformer whereby the absorbing cotton (the sink) is matched 
to the wave guide (the source). In this case it is not diffi- 
cult to see how reflected waves passing back and forth through 
the cotton could finally be absorbed. 

If we were to repeat this experiment, this time replac- 
ing the mass of cotton by a transverse disc of bakelite carry- 
ing a thin coating of colloidal carbon, we would also find that 
the line could be terminated. Here again it is not difficult 
to see how the waves by their repeated excursions through the 
disc might also be absorbed. It is not, however, so easy to see 
how the mass of cotton or the disc could be replaced by a single 
transverse filament or by a pin point of absorbing material and 
still be a good termination. Yet traveling detector measure- 
ments of the kind just described show that under certain circum- 
stances this can be done. 

It is perhaps also easy to see how two end walls, one 
with an iris, can provide the conditions for a resonant section 
of wave guide. Again it may be correspondingly difficult to 
see how these end walls may be replaced by single diametral 
rods. This also is substantially true. In the latter case, 
however, it is generally necessary to provide means for tuning. 

It is not only possible to replace the end plate con- 
taining the iris by a simple tuned diametral rod but we may in- 
corporate with it the absorbing element into which we wish the 
power to flow. The latter may very well be a crystal detector 
having a few hundred ohms resistance and be capable of telling 
us the relative power absorbed. Figure 14-18 shows in schematic 
form such a terminating receiver. As already implied, standing 
wave tests have shown that it functions substantially as de- 
scribed. In this case the reflecting end wall is fixed at a 
point found to be approximately correct by previous experiment. 
Final adjustments are made by means of trimming screws shown. 
Tuned rods are, in general, much easier to adjust them irises, 
and for many laboratory purposes, they are correspondingly more 
convenient. Figure 14-19 shows a modified form of this re- 
ceiver in which the crystal detector has been replaced by a 
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_- Coaxial tuner 


By-pass condenser 


we: Be eZ 
_— Lrimming screw 


Fig. 14-18. Tuned wave guide receiver employing 


a rectifying crystal. 


Fic.14-19. Section of wave guide with 
a tuned uranium oxide unit, 


small crystal of uranium oxide. 
This kind of an absorber is 
even smaller than a silicon de- 
tector. Yet it seems to func- 
tion equally well as an ab- 
sorber. 

Uranium oxide is not 
ordinarily used as a rectifier 
or as a demodulator. However, 
it may provide a very conveni- 
ent method of measuring power. 
This material has a very high 
negative temperature coeffi- 
cient of resistance. If we 
place it in a microwave circuit 
as shown, it will become heated 
by as little as 10 milliwatts 
of power, and show a corre- 
sponding change of resistance 
when connected externally to 
an ohmmeter or a Wheatstone 
bridge. If next we replace the 
high-frequency power by the 
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necessary amount of measured low-frequency power to produce the 
same resistance change, we then have a measure of power. 
Matching a Wave Guide to a Coaxial Line. In the match- 
ing units just shown, a crystal is the load. It is a matter of 
experience that such a load may be replaced by a coazial con- 
ductor that leads away the power. Figure 14-20 shows a practi- 
cal arrangement for bringing this about. Tests with a traveling 


Fic. 14-20, Matching unit between wave guide 
and coaxial cable. 


detector placed in the wave-guide line will again verify that 
the arrangement” is electrically smooth. Figure 14-2la and b 
show other arrangements for accomplishing the same result. The 
first is extremely simple and is entirely adequate for many 
purposes. The second involves a complexity that seldom can be 
justified. 

The fact that coaxial lines may be made flexible and of 
relatively small diameter, as well as their shielding property 
and other characteristics, have made their use rather general 
in microwave work. No doubt they will continue to be used, 
particularly where attenuation losses are unimportant. It now 
appears that ultimately microwave installations will involve a 
mixture of the two kinds of connections. For purposes of com- 
parison and for information for use in deciding between the two, 
the following data may be used. A rectangular wave guide of 
copper specified above as 1-3/4" x 3" 0.D. has an attenuation 
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F1G.14-21. Matching units between wave guide and coaxial cable. 


at X = 0.1 meter of 0.0175 decibel per meter. A form of flexi 
ble coaxial line incorporating a continuous loading of rubber 
and suitable for plug-and-jack connections has an attenuation 
at the same frequency of 5 db per meter. Another form of 
coazial somewhat less rugged has an attenuation of 0.7 db per 
meter, while in a third rather special form this has been re- 
duced to 0.4 db per meter. By sacrificing flexibility, this 
latter figure can probably be given a further slight improve- 
ment. However, the principal advantages of such a line will 
then be lost. . . 

Detector and Coaxial Tuner Components. It will, of 
course, be a great convenience if the coaxial tuner and de- 
tector arrangements described above can be carried into effect 
with a minimum of apparatus. This may be possible if we adopt 
some standardization in designing the various components. A 
few items that have been found to work well are described be- 
low. Before going into their details, however, it may be well 
to review again the various ways in which such components are 
used. 

Figure 14-22 shows, in schematic form, the tuner and 
probe detector arrangement needed for resonant-chamber or 
traveling-detector measurements. It will be noted that the 
crystal is placed across the tuner and a by-pass condenser is 
provided. The latter may be made a part of the detector mount- 
ing. Rectified currents or other demodulation components may 
be taken off by means of the meter connections shown dotted. 

This form of detector is referred to as the shunt type. 
Its mounting is shown in greater detail in Fig. 14-23. Figure 
14-24 shows the corresponding arrangement needed when the de- 
tector and its associated tuner is used as-e& termination. This 
form of detector is for obvious reasons called a series type. 
Its mounting is relatively simple but an external by-pass 
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Fic. 14-22. Arrangement of coaxial and detector 
components in a tuned probe. 


condenser is needed. Details of the crystal mounting are shown 
in Fig. 14-25. The by-pass condenser follows the general lines 
of that built into the shunt type. See Fig. 14-23. It is con- 
venient to grind the crystal used in these devices into a small 
cylinder and fasten the same into a mounting using a set screw 
or preferably solder as shown in the above sketches. 

There are many materials that may be used as detectors. 
For measurement work, it is a very great convenience if the 
rectified current is proportional to the square of the applied 
voltage. For cases where sensitivity is more important than is 
convenience, as, for example, in the reception of weak signals, 
a material whose characteristic exponent is higher than two is 
preferable. Crystals of iron pyrites usually follow the square 
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1—wave guide 


4 —by-pass condenser 


2- crystal detector 


2—crystal 


l—ceramic insulator. 
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Fic.14-24. Arrangement of coaxial and detector 


Fic. 14-23. Detector Assembly— Shunt Type. 


components in a terminating receiver. 


ie 


492 ULTRA-HIGH-FREQUENCY TECHNIQUES 


law rather closely. If 
this material is avail- 
able it will probably 
be very satisfactory 
for measurement work. 

Silicon has for 
many years also been 
used as a detector. Its 
rectifying character- 
istics apparently de- 
pend largely on condi- 
tions of manufacture. 
These may be controlled 
so as to bring about a 
variety of results. Two 
types of synthetic 
silicon detectors have 
been evolved for use. 
In one type the square 
1- ceramic insulators 2— crystal law is followed over a 
considerable range. In 
the other a higher ex- 
ponent is obtained. 

In determining the characteristic exponent of a detector 
it is often convenient to set it up in a terminating receiver 
such as shown in Fig. 14-18. This is then coupled to a wave 
source and oriented until the output is a maximum. Under this 
circumstance the diametral leads to the detector should lie 
along the lines of electric force. The cylindrical receiver is 
then rotated about its major axis as data on rectified current 
and angle are taken. It is assumed that applied voltage is pro- 
portional to the cosine of the angle. The results may conveni- 
ently be plotted on semi-log paper. 

Figure 14-26 shows a simple form of coaxial tuner that 
is sufficient for many laboratory purposes. It may be made of. 
brass, but contact troubles may develop later when the brass 
tarnishes. The latter may be more or. less obviated if the mov- 
ing parts are silver plated. The product will be still better 
if it is made of coin silver. In the design shown, the short- 
ing piston is adjusted by means of an external knurled ring 
connected to the piston through a longitudinal slot. In a mod- 
ified design, capable of much more accurate settings, the piston 
is operated by means of a lead screw. . 

Mode Filters. It is difficult or impossible to set up 
initially in a hollow guide a single pure mode of oscillation. 
However, after producing the excitation in the way best suited 
to the mode desired, a filtering out of the other modes may be 
accomplished in two ways. — 
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Fic. 14-25. Detector Assembly — Series Type. 
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Fic. 14-26. Simple form of coaxial tuner. 


First, the size of the tube may be selected so that the 
frequency used is above the cutoff frequency for the first mode, 
but slightly below the cutoff frequency for the second or next 
higher mode. Then if any higher modes exist near the exciting 
antenna, they will be confined to its immediate neighborhood 
because of the cutoff characteristic. Similarly, undesired 
modes will be suppressed if originated at bends or other discon- 
tinuities.. 

If there is present in a guide an unwanted wave having 
an electric field E so oriented that it has a non-zero value 
along certain lines in the tube where the desired wave has zero 
value, a number of thin metal wires may be disposed in the tube, 
coinciding with these lines, and they will eliminate or reduce 
materially the unwanted mode. For example, if the TEo,:1 mode is 
to be used in a round pipe, but some energy in the TMo,1 mode is 
found to be present, there may be inserted in the pipe a "mode 
filter" consisting of a set of radial wires in a transverse 
Plane, affixed to the inside of the tube and pointing toward its 
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center, but not touching one another there. It is seen from 
eq. (14-69) that Ep = O for the TEo,1 mode, and hence thin 
radial wires will have but little effect on the passage of the 
wave. On the other hand, for the TMo,1 wave the Ep component, 
eq. (14-63a), is not zero, and this component of the field will 
be effectively short-circuited by the thin radial wires. 
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Chapter 15 
LABORATORY MANGAL 


The group of experiments outlined in brief form below is 
intended to illustrate some of the more important and basic prin- 
ciples and techniques which have been discussed in this text. 

It is assumed that the student has already been introduced to a 
small amount of communications laboratory work and equipment. 
Succinctly, he should have already performed experiments cover- 
ing substantially the following topics or their equivalent: 

(a) Series and parallel resonant circuits. 

(b) Impedance bridge measurements and general technique 
in the use of bridges and similar equipment at audio frequencies. 

(c) Static characteristics of vacuum tubes. 

(d) Dynamic characteristics of vacuum tubes. 

(e) Construction and test of a power supply (Experiment 
1 below is a more detailed study than assumed here). 

(f) Technique of use of cathode-ray tubes (CRT's) and 
cathode-ray oscillographs (CRO's). 

(g) Audio-frequency amplifiers and oscillators. 

With this background it is considered feasible to pro- 
ceed with the experiments which are described below. Their 
titles are 


= 


Power Supplies 
Sweep Circuits and Electronic Switching 
Electrostatic and Magnetic Deflection of Cathode-ray 


| Tubes. 


Negative Feed-back Amplifier 

Square-wave Response of Circuits 
Detectors--Crystals, Diodes, Pentodes 

Video Amplifiers 

Superheterodyne Receiver, Using the RCA Demonstrator 
Negative-grid Oscillator; Lecher Wires 


1 e 
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1. Most of the experiments outlined later follow the conference outline and 
are taken specifically from the group of experiments performed in the 
Moore School of Electrical Engineering of the University of Pennsylvania. 
The laboratory was in charge of Dr. Carl C. Chambers, who was assisted by 
Messrs. Iredell Eachus, J.P, Eckert, and Bradford Sheppard. Professor 
Reich supplied directions for two experiments. It is planned in a later 
edition to make the laboratory manual a summary of the experiences of all 
the authors, and of such other persons as contribute criticisms. 
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10. Magnetrons and Klystrons 

11. Impedance Matching with Lumped Constants 
12. Antenna Feeding and Matching with Stubs 
13. Antenna Arrays 

14. Hollow Wave Guides--Part I 

15. Hollow Wave Guides--Part II 

16. Horns and Parabolas. 


Throughout his laboratory work the student may well en- 
deavor to absorb numerous practical facts and techniques not spe- 
cifically mentioned in the experiments. Listed below are many 
such points. 


CIRCUIT ELEMENTS, PARTS AND PRACTICAL CONSTRUCTION 


Resistors - residual L and C; types of construction (wire wound, 


composition, metallized); power dissipation; tempera- 
ture limitations; physical size and appearance of mod- 
ern types. 


Condensers - residual L and R; types of construction (mica, pa- 


Inductors 


Batteries 


Wire- 


Solder - 


per, electrolytic, air, oil); power dissipation; tem- 
perature, pressure and humidity effects; voltage break- 
down; realizable power factor; physical size and ap- 
pearance of modern types. 

- residual C and R; skin and proximity effects; types 
of construction (air and iron cores, solenoid, toroid 
and other winding forms); power dissipation and current 
capacity; temperature and humidity; voltage breakdown; 
realizable Q; physical size and appearance of modern 
types. 

- dry cells (internal resistance, deterioration under 
extremes of use and shelf life, temperature effects); 
storage cells (internal resistance,. charge and dis- 
charge cycles, specific gravity); physical size, weight 
and appearance of modern types. 

insulation (cotton, silk, rubber, enamel, glass, as- 
bestos); current capacity and voltage breakdown; push- 
back and spaghetti; resistance for d-c. and a-c. 


through skin effect range; shielded wires and cables; 
cable connectors. 


composition (soft, hard, eutectic, silver); fluxes 


(acid, rosin, non-corrosive pastes); flux solvents; 
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restrictions as to metals; soldering tools; technique 
of soldering. 

Chassis Assembly - materials of chassis (copper, aluminun, 
steel, chromium plate); shields and shield cans; 
Shielded wire; grounding; terminal strips and binding 
posts; insulators; chassis layout and wiring consid- 
erations; self-tapping screws. 


Use of Tools - drills (hand and power) high and low speed, lu- 
bricants; reamers; punches; spot welders; metal saws, 
hand and power; shears; thread cutting and thread cut- 
ting tools; simple lathe and miller work. 


CONVENTIONAL DEVICES AND TECHNIQUES 


Ammeters - d-c types; power-frequency types; rectifier types; 
thermocouple types. 

Voltmeters - above types of ammeters modified for use as volt- 
meters; electrostatic types. 

Power Meters - power-frequency wattmeters; rectifier type output 
meters, thermal types. 

Frequency Measurement Techniques - heterodyne method; Lissajou's 
method; calibrated resonant circuit methods; electronic 
frequency meters. 

Bridges - wheatstone d-c types; impedance (1000-cycle) bridge; 
capacitance bridge; grounding, shielding, bridge am- 
plifiers, and balancing technique. 

Test Oscillators - simple types; standard signal generators; 
alignment sweep oscillators. 

Tube Testers - vacuum tube bridge; emission and transconductance 
testers. 

Cathode-ray Oscilloscopes and Their Techniques. 


Square-wave Generators and Testing Technique. 
Q Meter. 


U-H-F DEVICES AND TECHNIQUES 


Ammeters - thermocouple types; bolometer types; crystal detector 
types. 

Voltmeters - thermocouple types; diode peak-reading types; elec- 
trostatic types; crystal detectors. 
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Power Meters - thermocouples; bolometers; calorimetric methods; 
photometric method. 

Frequency and Wavelength Measurements - heterodyne methods; 
resonant circuits and absorption methods; coaxial-line 
and cavity type wave-meters. 

Impedance Measurements - method employing standing waves on 
transmission lines or wave guides; modifications adapt- 
ed to different wavelength ranges; applications to 
several types of problems; transmission-line bridge. 

Q Measurements - method employing response curve of resonant 
circuit. 

Radiation Patterns - crystal detector or bolometer; rotation of 
antenna structure; reciprocity and transmitted or re- 
ceived pattern; concepts of beam angle, lobe size and 
power gain. 


Spectrum Analysis - method of measuring energy distribution of 
oscillator using high-Q resonator as wavemeter. 


15-1. Power Supplies.- (a) Using an unregulated full- 
wave vacuum-tube type rectifier circuit (to be designed and con- 
structed by the student from available parts), determine curves 
of ripple voltage vs load current and d-c output voltage vs load 
current (resistance load). 

(b) Holding the resistance load fixed, determine the 
curve of d-c output voltage vs a-c line input voltage. Vary the 
latter from 70 to 130 volts by use of an autotransformer. 

(c) (CAUTION: In this part of the experiment place a 
large (order of 10 pf) capacitor® in series with the power sup- 
ply and bridge, in order to prevent the large d-c voltage of the 
power supply from damaging the bridge. Do not neglect the effect 
of this capacitor on the results.) Using the General Radio Im- 
pedance Bridge Type 650A or an equivalent, measure the impedance 
looking back into the power supply, for numerous types of load 
and numerous load currents.? 


2. Preferably variable, in order that a value can be chosen such that the 
capacitance will not completely neutralize the inductive reactance of the 
power supply. A Cornell-Dubilier variable capacitor works well. 

%. Since the load is presumably known, the actual output impe.lance of the 
power supply can be found from the measurement. 


Pep 
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v = 
/\ fon Ro 
C—Double 8 uf xX X 
DN 


L—12 henrys, 75 ma (Thordarson T-4707) 
F1—10,000 ohms, 1 watt 

F2—25,000 ohms, 1 watt 

&s—10,000 ohm potentiometer 

F4—5,000 ohm 1 watt 

Fs—0.5 megohm -1 watt % 
N—1 watt G-10 neon bulb, base resistor removed Rs 
T—Thordarson T-7021 


Rs 


Fic. 15-1. Voltage-regulated power supply. (If N does not glow, regu- 
lator is not functioning). 


(d) Repeat parts (a) to (c) inclusive using a regulated 
power supply of the type shown in Fig. 15-1 or an equivalent. 
In measuring the ripple voltage it will probably be necessary to 
insert an amplifier between the output terminals of the power 
Supply and the oscilloscope used for making the measurement. 
(Note. If the student has not carried out an experiment compar- 
ing various types of rectifier filters, as discussed in Ch. 2, 
this should be done before the experiment described above. ) 


15-2. Sweep Circuits and Electronic Switching.- Plot 
all wave forms obtained in this experiment. 

(a) Connect the necessary external d-c and a-c voltages, 
meter and variable (commutating) condenser box to the thyratron 
trigger circuit or inverter. (See Fig. 15-2.) Remove the 2A4G 
thyratron which has its plate connected to one side of the 
Switch Ss. The remaining thyratron is fired by closing the 
Switch marked 8, momentarily. It can he extinguished by closing 
switch 8, for a short time. Explain these actions. Plot a 
curve of minimum value of commutating condenser for extinction 
against load current. Load current is varied by the step load 
resistor. 

(b) Replace the 2A4G thyratron. Fire one thyratron, 
then the other, by alternately closing switch 1 and switch 3. 
Explain. Why will the curve plotted in part (a) not apply here? 
Plot the corresponding curve for this case. 

(c) Using jumpers, connect the a-c grid excitation 
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-—14 to —17 (may have to reduce as tube 
heats) for (a), —7% for rest of experiment 


Variable 
O capacitor 


= 0-1250 :,, 250 :N steps 


3 0-1250:0., 250:M steps 


© Variable 
capacitor 


Fic. 15-2. Thyratron trigger circuit. 


transformer to the grids of the thyratrons. Turn on the grid 
excitation. Positive pulses are applied to each grid circuit on 
alternate peaks of the a-c voltage wave. Examine the wave forms 
across the plate resistors with a cathode-ray oscillograph. The 
outputs of the two tubes may be simultaneously observed in the 
proper phase relation by using the electronic switch. The out- 
put of a single tube relative to its grid voltage may also be 
Simultaneously observed in the proper phase relation by use of 
the electronic switch. (See Figs. 5-18 and 5-19.) Plot the 
wave forms observed above in the proper’ phase relation. 

(d) Attach a variable capacitor to a relaxation oscilla- 
tor (Fig. 15-3 shows a possible circuit). Connect a cathode ray 
oscillograph to the circuit using the electronic switch to ob- 
tain simultaneous wave forms of the grid voltage and plate volt- 
age with the circuit oscillating. Note the effect on amplitude, 
frequency, and linearity of different grid voltages, plate volt- 
ages, charging resistances and capacitances of the charging con- 
denser. Repeat the above with the electronic switch connected 
to obtain simultaneous wave forms of plate voltage and plate 
current. 

(e) With the relaxation oscillator adjusted to give a 
linear sawtooth wave apply the output to the abscissa amplifier 
of a cathode-ray oscillograph. Apply a sine-wave voltage to the 
ordinate amplifier. Apply just enough voltage from the above 
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Sine-wave supply to the transformer in the grid circuit of the 
885 tube to hold the pattern stationary. Increase this voltage 


by a large factor. Discuss the results using data obtained with 
the electronic switch and cathode-ray oscillograph. 


8 =f eed 
T-60R49 T-74A31 ————}} 


115 v. 


Plate current 
Wave form 


Variable 


T-14C31 capacitor 
O 
R1—2500 ohms 
R2—10,000 ohms Rs—0.25 megohm Ci—10 wf 450 volt 
Rs—150,000 ohms Re—4 megohms C2—10 uf 450 volt 
R.—0.5 megohm F#7z—1000 ohms C3—20 uf 50 volt 


Fic. 15-8. Relaxation oscillator. 


R, 


Oscillator 
No. 2 


Oscillator 
No. 1 


Fic. 15-4. Circular sweep circuit. (Compare Fig. 5-6a). 


15-3. Electrostatic and Magnetic Deflection of Cathode- 
Ray Tubes.- Consult Fig. 5-17 if a Type 208 Dumont tube is to be 
used, or a corresponding figure for the tube available. It 
should be possible to make connections to all four deflecting 
plates. 

(a) Determine the curve of deflection vs deflecting plate 
voltage for the abscissa plates and for the ordinate plates of 
a cathode-ray tube. 

(b) Determine the curve of deflection vs deflection coil 
current (magnetic deflection). (Deflection coils should be 
placed around tube neck. ) 
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(c) Apply voltages from two oscillators to the plates 
of a cathode-ray tube using the circuit of Fig. 15-4 (compare 
Fig. 5-6a). Adjust Ri, Ci, Re, Ce so that a circular pattern is 
obtained for each oscillator separately. Observe the pattern 
obtained when both voltages are applied. Explain, and contrast 
with Fig. 5-6b. 

(d) Calibrate one oscillator against another, using the 
CRO. 

(e) Adjust the magnetic deflection circuit (Fig. 15-5) 
or its equivalent for a linear sweep. Sketch the wave forms in 
the various parts of the circuit relative to one another using 
the electronic switch. Synchronize the sweep circuit to an ex- 
ternal signal by applying a signal to the "sync" terminals and 
making necessary adjustments. 


R, 
Deflecting coils 
5W4 
Ext. Input of GRO 
“Sync’”’ 
eo lo & R T67C49 Oy 
'R re te 635 00) Bs 
of to) a te x 
R, To Tk 
Switch 2 
XX T13R14 
ligigiaia Ry Cy OF4 
—*-F R 11 
: C, C, C, C, . = 115 v. 
Sweep circuit 
Deflection amplifier 
Ci—0.1 uf., 400 v. Cs—0.1 uf., 400 v. R:1— 100,000 ohms, pot, Rs—10,000 ohms, % watt 
C2—25 uf., 25 v. Co-0.1 uf., 400 v. R2—1000 ohms, % watt R»9-1 Megohm pot. 
C3—0.2 uf., 400 v. Ci10—0.1 uf., 400 v. R3—50,000 ohms, 2 watt Ri0—1250 ohms, % watt 
C4i— 0.04 uf., 400 v, Cii— 50 uf., 50 v. . R4-—750,000 ohms, % watt Rii—10,000 ohms, % watt 
Cs—0.1 uf., 400 v. Ci2—15 wf., 450 v. Rs—4 Megohms pot. Ri2—0.5 Megohm, % watt 
Ce— 0.0025 uf., Mica Ci3—10 uf., 450 v. Re— 25,000 ohms, % watt R13—- 0.5 Megohm, % watt 
C7—10 uf., 450 v. R7z-—10,000 ohms, % watt F14— 250 ohms, 10 watt 


Fic. 15-5. Magnetic sweep circuit and deflection amplifier. 


(f) Throw the switch which converts the magnetic sweep 
circuit into a magnetic deflection amplifier. Using an oscilla- 
tor and a vacuum-tube voltmeter make a frequency run of this de- 
flection system. Why have critical distance tubes been used in 


its output? Plot the data and account for the shape of the 
curve. 


I5-4. Negative Feedback Amplifier .- Consult Fig. 15-6; 
also Ch. 2. Adjust feedback for all cases so that oscillations 
do not occur at any frequency used in tests. Plot the response 
curves obtained in decibels gain vs frequency on semi-log paper 
(4-cycle will be needed). Use an oscillograph in the experiment 
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to make sure that the amplifier is not overloaded in any of the 
tests. An attenuator box between the oscillator and the ampli- 
fier will be necessary to prevent operating the oscillator at 


Such a low level that it would introduce a high relative hum 
level. 


0.04 uf. 400 v 0.5 uf. 400 v. 


LS-10 
fapat 75,000 1. 
NN HA-113 
50,000 
x 


| iC pia 


25,000 £1 


25 wf. 25 v. 
10 wf. 400 v. 


Output 


820 £1 


Cc 


10,000 11 
Pot. T 10 bf. 400 v. 
= 15uf. 400 v. 


a 
+2 
b 
82 
10 uf. 400 v. (ee P Cody, G 


p ee 
NoTE: Connect ab for current feedback = all 0000000 Léa 


Connect bc for voltage feedback T-60 erik 


115 v. 


‘| 
TT | 
DO00 


Fic. 15-6. Negative feedback amplifier. 


(a) Keeping the input voltage constant in magnitude, 
measure the output voltage as a function of frequency with the 
external feedback circuits inactive, for various conditions of 
cathode by-passing. Measure the output impedance under the 
above conditions by means of an impedance bridge. 

(b) Repeat (a) with voltage controlled feedback for both 
cathodes by-passed. 

(c) Repeat (a) with current controlled feedback for the 
first cathode by-passed. 

(d) By measurement of the resistances in the feedback 
circuit determine the percentage feedback used in (b) and (c). 

If the setting of the feedback control has been changed how can 
its setting be received from the data above? 

(e) Measure the phase shift in the amplifier for all the 
conditions of operation used above. Plot the phase shift vs fre- 
quency characteristic on semi-log paper. 

(f) Find the type of feedback, condition of cathode bias- 
ing, and setting of feedback control to give the strongest 
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oscillation. (The circuit connections for this are unique.) Do 
this experimentally, then plot on polar coordinate paper the 
phase shift vs Af for the different frequencies. Af is the prod- 
uct of the voltage gain of the amplifier multiplied by the frac- 
tion of the output voltage feedback. 

(g) Reduce the feedback to that used in (b) and show 
that the gain for a particular frequency is: 

A 


Voltage Gain = Wit B 


where A is the voltage gain without feedback (see Ch. 2). Using 
the amplifier as in (b) plot the polar curve as in (f). 


15-5. Square-Wave Response of Circuits.- The general 
topic of the square-wave response of circuits is touched on in 
Ch. 1. It is intended that a square-wave generator such as the 
Hewlett-Packard Model 210 or equivalent shall be used. The 
student should obtain the circuit diagram and operating data of 
the square-wave generator as supplied by the manufacturer and 
Should familiarize himself with its operation and the method by 
Which it obtains square waves. Determine its output impedance. 
and do not neglect the importance of this in using it in the 
following tests. 

(a) Connect the output of the square-wave generator di- 
rectly to the vertical deflecting plates of a cathode-ray oscil- 
lograph. Sketch the wave form at a number of frequencies within 
the range of the square-wave generator. Determine the range of 
square-wave frequencies for which the vertical amplifier of the 
oscillograph introduces noticeable distortion. Using a sine- 
wave source, determine the "half-power"” frequencies (see Ch. 1) 
of the vertical amplifier in the oscillograph for one or more 
settings of the gain control. Explain the reason for the ef- 
fects noted. 

(b) Determine the range of square-wave frequencies within 
which the electronic switch operates satisfactorily. Study its 
circuit and discuss reasons for its limitations. (See Figs. 5- 
18 and 5-19.) 

(c) Impress a square wave on a circuit comprising a re- 
Sistor and a capacitor in Series. Using the oscillograph (and 
electronic switch) compare the square-wave input with the volt- 
age across the resistor and across the condenser for several 
values of each. Let the capacitive reactance at the square-wave 
frequency (sine wave of same frequency) equal approximately 0.1, 
1.0 and 10.0 times the resistance. Sketch the waves obtained. 

(d) Using a suitable inductance and resistance make ob- 
servations similar to those in (c). Sketch the waves obtained. 

(e) Observe the square-wave response of several inter- 
Stage audio transformers. Determine the effect of various source 
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and load resistances. Note the effect of putting capacitance 
across the primary and secondary. Note also the effect of series 
condensers in the primary and secondary circuit. Use also an 
inductive load. Use at least one poor and one good transformer 
in making the tests. Plot the waves obtained relative to the 
input wave using the electronic switch. 

(f) Observe the square-wave response of a suitably ter- 
minated low-pass filter. Plot the waves at various stages in 
the filter relative to the input using the electronic switch. 
Repeat the above for a high-pass filter and a band-pass filter. 
Note figures of Ch. l. 


15-6. Detectors--Crystals, Diodes, Pentodes.- Detectors 
are discussed in Ch. 7. In (a), (b), and (c) below, a wide 
range of currents should be used (lua to 25 ma). 

(a) Determine the current vs voltage characteristic of 
(1) a silicon and (2) an iron pyrites crystal detector, in both 
directions. Plot the resistance vs voltage characteristics. 

(b) Plot the d-c current vs applied a-c voltage using a 
low impedance audio source, for both the detectors used in (a). 
(A 60-cycle power line may be a good low-impedance source.) See 
Fig. 15-7a. 

(c) Plot the d-c voltage (across crystal) vs a-c current 
through the circuit using an audio-frequency source. See Fig. 
15-7b. 

(d) Determine the rectification characteristic (Ch. 7) 
of a diode. See circuit in Ch. 7. 

(e) Repeat (d) using the pentode detector in the circuit 
or fig, .15-/c. 

(f) Repeat (d) using an infinite impedance detector (use 
a@ high-mu triode) as indicated in Fig. 15-7d. 


15-7. Video Amplifiers.- Video amplifiers are treated 
in Ch. 2. A wide-range oscillator or signal generator, a good 
vacuum-tube voltmeter, and a suitable attenuator are needed. 

(a) Determine the gain--frequency characteristic of an 
uncompensated two-stage amplifier of the type represented in 
Fig. 15-8, or a similar one. 

(b) With the aid of a cathode-ray oscillograph determine 
the maximum output voltage obtainable without severe distortion. 

(c) Modify the amplifier used in (a) by placing a com- 
pensating inductance in series with the load resistor R,. (First 
calculate the value of inductance required for good compensation) 
Determine the gain-frequency characteristic of the compensated 
amplifier. Observe the response of the amplifier. Observe the 
response of the amplifier with square-wave signals of various 
frequencies. 

(d) Repeat the observations of (c) using larger and 
smaller values of compensating inductance. 
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impedance 
audio source 


(a) 


Audio 
source 


(0) 


Audio 
source 


C- == Screen B+ 


Audio 
source 


, B+ 
(d) 


Fic. 15-7. Detector experiment circuits. 
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Fic.15-8. Video amplifier (LZ =compensating inductance). 
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Fic. 15-9. Filter-coupled video amplifier. 
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(e) Measure the gain-frequency characteristic of a 
filter-coupled amplifier of the type represented in Fig. 15-9. 


15-8. The Superheterodyne Receiver.- The superheterodyne 
receiver is discussed in Ch. 8 and component parts in various 
other places of the text. One of the RCA Dynamic Demonstrators 
may be used (a diagram of Demonstrator II is given in Ch. 8). 

(a) Superheterodyne Receiver Alignment. The receiver is 
to be restored to proper condition after having been made defec- 
tive beforehand. Use RCA Rider Signalyst and RCA Rider Chanalyst, 
regular radio service instruments. Give short description of the 
faults found, method by which they were located, and manner of 
correcting them. 

(b) Sensitivity Measurements (Fixed Bias). With 0.6 
volt as reference voltage across the second detector output load, 
measure the sensitivity of the receiver as a function of the r-f 
input frequency. Expressing the sensitivity in decibels below 
1 volt, plot the sensitivity against frequency. 

(c) Selectivity Measurements (Fixed Bias). With the 
receiver tuned to 1400 ke take readings for a selectivity curve, 
using 0.6 volt across the second detector load as reference. 

Make measurements at multiples of 0.5 ke off resonance. Plot 
the selectivity curve by expressing the ratio between microvolts 
at point off resonance to microvolts at resonance as a function 
of frequency (or ke off resonance). (As an extension, (c) may 
be repeated for other frequencies over the tuning range.) 

(d) I-f Amplification (Fixed Bias). With the receiver 
tuned to 1000 ke measure the amplification of the i-f stage. 
Express the amplification in decibels. 


15-9. Negative-Grid Oscillator; Lecher Wires.- The 
negative-grid u-h-f oscillator is discussed in Ch. 10 and Lecher 
wires (u-h-f open-wire transmission line) in Ch. ll. 

(a) Determine the highest frequency of oscillation of 
several types of tubes: RCA 955 (use resistor in plate circuit), 
Hytron 615Y, and RCA 6J5G, or other suitable tubes available. 
See Fig. 15-10a for a possible oscillator set-up and Fig. 15- 
10b for a wavemeter arrangement for measuring wavelength. Find 
the minimum distance x, and the corresponding wavelength, at 
which each tube continues to oscillate. 

(b) Using the 955 tube determine the curve of wavelength 
A versus x, and calculate the value of ( from Cy = C,, where 
C+ is the equivalent capacitance of the tube (under operating 
conditions) shunting the line, and C is the capacitance per unit 
length of the open-wire line (Lecher system). The quantity x, 
is the intercept with the X-axis of the asymptote to the curve 
of A vs x (for x large the curve is approximately a straight 
line). Consult "Wavelength Characteristics of Coupled Circuits 
Having Distributed Constants," by Ronald King, Proc. I.R.E., 20, 
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(a) Negative-grid oscillator and Lecher wire tuning system, 


ber 


(A) Shorting bars 


A= microammeter 


For maximum current %m_(2n-+1) A 


(6) Wavemeter (should be coupled very loosely 
to oscillator). 


Fixed Movable 
shorting shorting unit 
bar 
(c) 


Fic. 15-10. Lecher - wire uses. 


No. 8, 1368, Aug. (1932). 

(c) Using the 955 tube, fix a shorting bar at such a 
position that oscillations of approximately 150-cm wavelength 
are produced. Using a pair of shorting bars A/4 apart, deter- 
mine the variation of A with x'. See Fig. 15-10c 

(d) Following the method outlined by L. S. Nergaard in 
"A Survey of Ultra-High-Frequency Measurements," RCA Review, 
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Oct. 1938, determine the resonance wavelength of the 955 tube by 
plotting A’ tan Bx against A®* and taking the square root of the 
intercept on the A* axis of the straight line obtained for the 
values of A= not ‘too near the origin. | 


15-10. Magnetrons and Klystrons.- In Ch. 10 is given 4 
discussion of magnetrons and klystrons. 


A. TRANSIT-TIME MAGNETRON OSCILLATORS 


Caution: In order to prevent cumulative increase of 
plate and filament currents, some type of stabilizing circuit 
must be used with a transit-time magnetron. Either the circuit 
of Fig. 2-14 or that of Fig. 10-26, or an equivalent circuit 
must be used. If that of Fig. 2-14 is used, the anode voltage 
cannot be controlled independently of the plate current. If 
the circuit of Fig. 10-26 is used, on the other hand, the plate 
current cannot be controlled independently of the filament cur- 
rent. 

(a) Attach the two anode leads to a Lecher wire system 
40 or 50 cm in length, provided with suitable radiators at the 
open end, as shown in Fig. 15-11. Using a crystal detector as 


Radiator 


Magnetron Lecher Wires Detector 


Movable shorting bar 
( bridge) 


Fic. 15-11. Magnetron-Lecher Wire -radiator system. 


an indicator, adjust the field current, angle of the electrode 
axis relative to the magnetic flux, the filament current, the 
anode current, and the anode voltage to the various values at 
which the tube oscillates and the indication of the detector is 
@ maximum. Record the current and voltage readings. With the 
tube adjusted for maximum amplitude of oscillation, adjust the 
Lecher wire bridge and record positions at which maximum and 
minimum energy are radiated. From these readings determine the 
wavelengths of oscillation. Place the detector near the fila- 
ment and anode leads and note that high-frequency currents are 
present. 

| (b) Introduce quarter-wave concentric-line chokes in 
the filament and anode leads and repeat (a), noting any differ- 
ences in behavior, including amplitude of the energy radiated 
from the end of the Lecher wire system, and the amplitude of 
high-frequency currents in the filament and anode supply lines. 
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(c) If a flux meter is available, plot a curve of flux 
against field current. 

(d) Plot curves of wavelength against flux or field cur- 
rent, against anode voltage, and against filament current. Note 
whether there is any simple relation between the various fre- 
quencies of oscillation, and explain the large number of fre- 
quencies observed. Explain the effect of the concentric-line 
chokes. Discuss the curves. 


B. KLYSTRON OSCILLATOR 
An approximate equivalent circuit for a klystron oscil- 


lator is shown in Fig. 15-12. 


Perfectly 
Screened, 
Tube 


Buncher j Catcher 


Time Delay 


Feed-back Tine 


FIG. 16.J2. Approximately equiyalent circuit of a klystron oscillator. 


The "time delay" is the time required by the electrons to travel 
from buncher to catcher. This time is ordinarily a number of 
cycles and is a function of the beam voltage applied to the tube. 

It is useful to define a transfer impedance Zi2 which is 
the ratio between the voltage across the buncher (point 2) and 
the current which causes this voltage, as measured at point l. 
This impedance is a complicated function of the frequency, the 
various circuit constants, some of which may be changed to tun- 
ing the klystron, and the feedback line. The phase angle of this 
impedance may be called 9. 

A necessary condition for oscillation is that the phase 
relations be correct. Specifically, if the circuit be broken at 
2 and a small voltage put on the grid, this will cause a plate 
current which will eventually cause a voltage to appear at the 
left of the break at 2. For stable oscillation, the voltages on 
the two sijies of the break must be in phase. Analytically, the 
total phase shift around the circuit must be 2nn where n is 
some integer. An equation stating this is [see eq. (10-17) of 
Ch. 10] 


t+ = Onn - (10-17) 


nya 
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Here +t is the transit angle in radians or 2n times the time of 
flight measured in cycles. The extra 7 on the right side has to 
do with the fact that an electron going with mean velocity and 
in the center of the bunch at the catcher (i.e., the peak of the 
current wave) is one that passed through the buncher when its 
voltage was zero. This introduces a quarter-cycle phase shift. 

The equation is satisfied by controlling t by varying 
the beam voltage, and by the klystron picking an oscillation 
frequency which gives @ a proper value. The variation of » with 
frequency is a somewhat complex matter. However, if a klystron — 
is oscillating with a certain value of @ and a certain beam volt- 
age and associated t and n, then it can also oscillate in an en- 
tirely similar way for a series of other values of voltage: 
these values correspond to values of rt differing by just 2n. It 
is the purpose of the experiment to investigate this phenomenon 
experimentally. 

To put the theory in more usable form, let s be the dis- 
tance between buncher and catcher, vo the electron velocity, c 
the velocity of light, f the frequency, and A the wavelength. 
Then 


Ce Ot ee ee 
re) AK Vo 
s 
= 2h BY 
where 8 = Vo/e 


The quantity B depends only on the beam voltage and, using known 
values of e, m, and c it has been stated in Ch. 10 eq. (10-20) 


that 
Sew aula 
250,000 


where V is the beam voltage in volts, Using the value of tT as 
expressed above, 


z A it 
perso cue 


Thus if the tuning, and so g, are left alone and the 
beam voltage is varied to find successive oscillation points, 
then in the above equation n changes by one unit at a time and 
if 1/6 is plotted against n, a straight line of slope A/s should 
result. It is the object of this experiment to verify the above. 

(a) Measure s, the bunching distance. The distance be- 
tween the first and fourth grids can be measured approximately 
from the outside of the tube and this, less 0.05", is the grid 
Spacing s. 

(b) Connect the klystron output to a crystal and a 10ma 
d-c meter. Leave the tuning unchanged and vary the voltages and 
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record them for points of maximum oscillation. Find at least 
three for each klystron. Compute 1/p and plot against n. 

(c) With the same tuning setting as in (b) measure the 
wavelength for two klystrons. 

(d) Calculate the wavelength from data in (a) and (b) 
and compare with the results of (c). 

(e) By beating the output of the two klystrons together, 
measure the change in frequency with accelerating voltage and 
tuning. 

(f) Getting n from the value of s in (a), and the acceler- 
ating voltage, compute » and s. 


15-I1. Impedance Matching with Lumped Parameters.- Im- 
pedance matching is important from the point of view of effi- 
ciency, maximum power transfer, reduction of reflected waves, 
etc. 

(a) Using the circuit of Fig. 15-l4a with the MOPA tight 
ly coupled to the external circuit and with the output in the © 
range of 1.5 to 2.5 megacycles, read the r-f current when the 
d-c plate current is made a-minimum by the tuning condenser. 

Use a resistance load which makes this minimum current approxi- 
mately 125 ma (or ‘an appropriate amount for the equipment used). 

(b) Measure the open- and short-circuit reactances of a 
convenient length of transmission line. These values may be ob- 
tained by three readings. A length-of the order of 4/8 is sug- 
gested. — 


Reading 1 - Fig. 15-14b. . Tune C to resonance, record C. 

Reading 2 - Fig. 15-l4c. Connect open-circuited coaxial 
line in parallel with C; retune to resonance and record CG. Com- 
pute effective X of the open-circuited line (X,,). 

Reading 3 - Fig. 15-14d. Connect short-circuited line 
in series with C. Tune to resonance and compute the effective 
X of the short-circuited line (X,,). 


Compute the characteristic impedance of the line by the rela- 
tion Z = VZocZgo given in Ch. 11. (Note. If the line has low 
losses it is not necessary to measure e the resistive component 
of the open- or short-circuit impedances. ) 

(c) With a small value of the mutual inductance (loose 
coupling) connect Lo (Fig. 15-l4e) in series with a condenser 
C2 and an r-f ammeter. Tune the secondary to resonance. Then 
connect a resistor Rp which is equal to the characteristic im- 
pedance of the line in series with Ls, Cs and the r-f ammeter. 
Be sure that Rz can dissipate the full output of the MOPA. In- 
crease M until the plate current is increased to the same value 
as in (a), at the same time making minor adjustments in C, to 
make sure that the tank circuit is tuned to minimum plate cur. 
rent. Compute the power delivered to Rz:, which should be nearly 
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the same as that originally delivered to R,, the load in (a). 
Read all currents and compare with those obtained in (a). 


(d) 


(2) 


(f) 


Master 
Oscillator 
Power 
Amplifier 


Master 
Oscillator 
Power 
Amplifier 


Master 
Oscillator 
Power 
Amplifier 


Master 
Oscillator 
Power 

Amplifier 


Master 
Oscillator 
Power 


Amplifier 


Master 
(g) Oscillator 


Power 


Amplifier 


(2) 


meter 
to Ro e 


Master 
Oscillator 


Power 
Amplifier 


Coaxial line 


Coaxial line 


Coaxial line 


Fic. 15-14. Impedance matching 


(d) Replace Rz of (c) with a line terminated in an r-f 


and Ro. 
(Note. 


See Fig. 15-14f. Compute the power now delivered 
If the Rz used has appreciable reactance some 
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reflection will occur but it is not usually convenient to tune 
this out.) Read all currents and compare with those obtained 
previously. 

(e) Compute an L matching network (Fig. 15-l4g) which 
can transform the original resistance R, into a value equal to 
Re. Set up and adjust such a network at the end of the line. 
Read all currents and compare with those previously obtained. 
Compute the power delivered to R, and the efficiency of the sys- 
tem. Account for the loss of the system by measuring the Q of 
the coils and estimating the loss in the line. 


15-12. Antenna Feeding and Matching with Stubs.- The 
impedance of an antenna, measured at its input terminals, is not 
likely to equal the characteristic impedance of the transmission 
line feeding the antenna.” For numerous reasons (efficiency, 
power transfer, standing waves on the transmission line) it is 
desirable to match impedances. 

(a) Resonant lines. Tune a short-circuited two-wire 
line to resonance. Measure the current distribution along the 
line using a crystal loop-type probe. Detune the line by moving 
the shorting bar a short distance, and retune by means of a. 
variable condenser. Repeat with an open-circuited line. Deter- 
mine the current distribution along the line when it feeds a 
half-wave antenna. 

(b) Terminate the line with a resistor. Compute the 
approximate length and location of a stub to be used for proper 
matching. Attach the stub and adjust the shorting bar for min- 
imum standing waves (Fig. 15-13). Record the ratio of minimim 
to maximum for each adjustment. Repeat for an open-ended stub. 

(c) Repeat (b), using a half-wave antenna in place of 
the terminating resistor. 


Resistor 


f—Shorting bar 


Fic. 15-18. Matching by short-circuited stub. 
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15-13. Antenna Arrays.- Antennas and antenna arrays are 
treated in Ch. 12. It is well to perform this experiment in an 
open space, not in a building 

(a) Determine current distribution along a half-wave an- 
tenna at a wavelength of approximately 200 cm. Adjust oscilla- 
tor frequency for maximum current in the antenna. Plot relative 
antenna current against distance, using a small crystal detector 
with meter for indicator. Have the antenna well away from metal 
objects. 

(b) Make the measurements of (b) and (c) at approximate- 
ly 50 cm wavelength. For a measuring device a half-wave antenna 
with crystal detector at center may be used. A reflector for 
use with the receiving antenna may prove advantageous. Make 
measurements with antennas both horizontal and vertical. For 
feeding the antennas, a coaxial line of variable length (sliding 
action) may be useful. 

Determine radiation patterns of (1) a half-wave antenna; 
(2) two half-wave antennas, a half-wavelength apart, fed 180° 
out-of-phase; and (3) two half-wave antennas a half-wavelength 
apart, fed in phase. 

(c) Place a parasitic (unexcited) antenna 0.2 wavelength 
from a driven antenna. Determine the field pattern for various 


lengths of the parasitic antenna between 0.35 and 0.7 wavelengths 


Note front-to-back ratio. 


15-14. Hollow Wave Guides-I.- The latter half of Ch. 14 
is given over to a discussion of experiments with hollow-wave 
guides. 

(a) Standing waves in hollow-wave guides. Using the 
traveling detector obtain data for plotting standing waves when 
the detector section is terminated (1) with a solid closure; 

(2) with a small iris opening; (3) with large iris opening; 
(4) with open end; (5) with a small horn.. Terminate with reso- 
nant chamber, and attempt to obtain proper termination value 
with absorbing discs. | 

| (b) WavelengthA,g in the guide. Using a guide with vol- 
ume filters, traveling detector, and movable reflector piston 
adjust the position of the source, filters, and reflector to 
give standing waves of the type desired and plot probe detector 
current vs displacement for several types of waves. From these 
plots determine the wavelength A, in the guide for each type of 
wave. 

(c) Using the coaxial wavemeter determine the wavelength 
in free space. 

(d) Using the pinch pipe, determine the curve of trans- 
mission against diameter, noting particularly the cutoff diame- 
ter. 

(e) EFfect of bends in guide. Terminate the traveling 


a 
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detector section with a 90° bend in horizontal section, followed 
by & small horn. Check this arrangement for reflections which 
will be due to the presence of the bends. Repeat with 90° bend 
in vertical plane. 

(f) Resonance in hollow-wave guides. Attach a resonant 
chamber with detector to a wave guide, inserting an iris at the 
junction. Take readings of the detector current and Plunger po- 
sitions over a range sufficient to obtain a good resonance curve. 
Plot current as a function of plunger position. Repeat with 
different size irises. Determine maximum and half power posi- 
tions only. Repeat with (1) polystyrene disc, (2) carbon disc, 
(3) brass disc. 


As an alternative to the above experiment the following 
one has been found successful and ‘serves to illustrate a number 
of aspects of u-h-f techniques. It overlaps but does not cover 
completely the experiment above. 


Measurement of Wavelength. 

(a) Couple a negative-grid oscillator or other type of 
ultra-high-frequency oscillator to a section of wave guide, ter- 
minated by a movable piston, as shown in Fig. 15-15. (The oscil- 
lator may be coupled to the wave guide directly as shown, by 
means of horns, or by means of a concentric cable.) Couple a 
doublet radiator to the wave guide by means of a concentric line 
and matching stubs, as shown in Fig. 15-15. Adjust the piston 


Detector 
Matching 
stub 


Radiator 


Reflector 


Fic. 15-15. Experimental arrangement for wavelength experiment. 


and the matching stubs to give maximum reading with a crystal de- 
tector placed at a convenient distance from the radiator. Meas- 
ure the distances between the settings of one of the matching 
stubs at which maximum or minimum energy is radiated, and from 
these readings determine the wavelength in air. 

(b) Place a copper reflector beyond. the detector in line 
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with the detector and the radiator, as shown in Fig. 15-15, and 
record positions of the reflector relative to the detector at 
which the detector gives maximum and minimum readings. From 
these readings determine the wavelength in air. 

(c) Repeat (b), using a stationary reflector and a mov- 
able detector. 

(d) Record positions of the wave-guide piston at which 
the radiation 1s maximum and minimum. From these readings de- 
termine the wavelength in the guide. From this value and the 
dimensions of the guide determine the wavelength in air. 

(e) Place the radiator at one end and the detector at. 
the other end of a "pinch pipe" (circular wave guide of adjust- 


able diameter) or "wave press" (rectangular wave guide of adjust- 


able width) and determine the diameter or width at which cutoff 
occurs, From this reading determine the wavelength in air. 

(f) Compare the various values measured and discuss the 
accuracy of the various methods. 


15-15. Hollow Wave Guides-II.- Much pertinent material 
is discussed in the second half of Ch. 14. 

(a) Impedance matching with transfer section. Attach a 
transfer section to the traveling detector section and feed the 
energy into a properly terminated coaxial cable. Check for re- 
flections under this condition of operation. 

(b) Filter attenuation. Place the filter for transmit- 
ting a desired type wave to give maximum transmission. Keeping 
the power input constant, determine the ratio of desired wave 
maxima to other maxima. Do this for several types of waves. 
Using the T Eo, filter, placed as above, plot detector current 
against angular position of filter using the case when the fil- 
ter wires are parallel to the feeder. 

(c) Field pattern and effect of grid. Terminate the 
hollow wave guide in a horn of rectangular section, rotating 
the horn to match the guide to obtain a maximum field strength 
along the axis. Measure and plot the field for four conditibdns: 

1. Horn open. 


2, Wire grid across face of horn and parallel to one side 


of opening. 

3. Wire grid across face of horn and parallel to the 
other side of opening. 

4, Wire grid placed diagonally across opening. 


15-{6. Horns and Parabolas.- Horns have already been 
the subject of experimentation in Sec. 15-15. Parabolas are 
discussed briefly in Ch. 12. The two different types of radiat- 
ing systems are brought together in this experiment... 

(a) Radiation Pattern. Radiate a vertically-polarized 
10-cm wave from the horn. Use a vertical half-wave antenna at 


a 


LABORATORY MANUAL 519 


the focus of the paraboloid for reception. Rotate the parabola 
about its vertical axis; determine relative response as a func- 
tion of angular position. 

7 With paraboloid focused on horn, rotate the horn about a 
vertical axis and determine relative response as a function of 
angular position. 

Rotating horn’ and antenna so as to produce horizontal 
polarization, repeat the above. 

(b) Check on radiation reciprocity theorem. Driving. the 
dipole in the parabolic reflector and using the horn as a re- 
ceiver with the same sending power, crystal, and meter, and with 
the position of the horn and parabola unchanged, repeat and com- 
pare the results. 

(c) Effects of antenna position in parabaloid. With 
horn and paraboloid set up as in the first part of (a) vary the 
position of the antenna along axis, and determine relative re- 
sponse and the field pattern as a function of position along 
axis of paraboloid. (Keep antenna vertical. ) 

(d) Polarization effects. Set the antenna at the optimum 
position (focus of paraboloid), rotate the antenna from the ver- 
tical, and determine relative response as a function of angle 
from vertical. 


CPt Ube aa rt val thy Ri ia vat 


A | Eerie reson pS MEL ened ed 
. 4 M * 1 4 h, 8 > eS: ¢ iva 7% rs > Le oaeel et is “aye 4 om 


; oe 


| vai nt ri ah 


, * wJ i ‘ Vs on ct uu Poa 
Ba Te aan Ue a le mee ee Peay ae Pare 


; ; Pity meee ei WAR aS wt S "he of sa Pai 
‘ ren Delta Pega be’ ae ‘HAS sith, aN eH as She 
a ire eS | Mar Bid rs Chie iby : 
EA ES Rei \ itaiede ‘sa 
a ees 


«3 Hy fa 32 hae 


) pins 


Oy 


A-C resistance of tube, 52 
Acceleration in MES system, 372 
Acorn tubes, 298 
Activation of tubes, 50 
Activators, 213 
Admittance, 4 
complex, 4 
input of Class A amplifier, 83 
real and imaginary parts, 4 


simple series circuit, 13,14,15,18 


transfer, in Fourier integral, 41 


Aeronautical frequency channels, 369 


Aircraft mobile transmitter, 287 
Alternating currents, 1 
voltages, 1 
wave, 1 
Amateur frequency channel, 369 
Ammeters, types, 497 
Ampere's law, 375,395 
Amplification - Ch. 3 
see also under voltage amplifica- 
tion 
factor, 51,81,103,121 
factor, bridge circuit for 
measuring, 72 
factor, current, 80 
factor of tetrode, 53 
factor, voltage, 59 
unity, stage for CRT and video 
amplifier, 221 
voltage, of single-tuned r-f 
amplifier, 140 
Amplifier - see also under buffer 
amplifier, power amplifier, 
radio-frequency amplifier, 
television amplifier, video- 
frequency amplifier. 
a-f, experiment to precede U-H-F 
experiments, 495 
analysis compared with oscillator 
analysis, 198 
audio-frequency, 79,85-87 
buffer, 165 
Class A, AB, B, C, 77 
classifications, 76 
definition, 76 
deflection, for CRT, 502 
degenerative, 71 
direct-current, 79 
direct-coupled, 87,101 
Doherty, 290 
Por CRT, 220,502 
frequency-multiplier, 165-167 
grid bias for Class A, 118 
high frequency range in audio, 88 
impulse, 147 
interelectrode capacitance, 82 
Kystron, 340 
linear, in transmitters, 290 
low frequency range in audio, 88 
medium frequency range in 
audio, 88 
negative feedback, experiment, 
502-504 
neutralization of, 84 
oscillation in, 8}. 
output impedance of feedback, 112 
pentode, 84 
phase-inverter, 100 
power, 79 
push-pull, 78,100 
radio-frequency, 79 


INDEX 


Amplifier - Contigued 
regeneration in, 84 
Series Circuit as Parallel Cir- 
cuit as, 18 
single-ended, 100,138 
sweep, in commercial CRO, 224,225 
triode, 84 
television, 85,147 
tuned feed-back, 197 
video, 27,79,85 
video, experiment, 505-508 
voltage, 80 
Amplitude distortion, 85 
‘distortion, reduction by 
feedback, 111 
and frequency modulation 
combined, 243,2h) 
modulation (A-M) 230-233, 
236-2h1 
modulation, power, 232,233 
oscillation, limit by self-bias, 
202 
peak, 135 
Analysis, vector, 376-382 
Analyzer, wave, 207 
Angle of, arrival of electromagnetic 
wave, 453 
departure of electromagnetic wave, 
453 
incidence, 432 
reflection, 432 
transmission (refraction), 433 
Angular frequency, 1 
velocity, 1 
Anode, 49 
voltage, 49 
voltage critical, 18} 
bend detection, 252 
Antenna arrays, 415-425 
arrays, experiment, 516 
billboard type, 425 
binomial loop arrays, 427 
broadside array, 422 
current distribution along 
linear, 400,403 
defined, 392 
directional effects, contrasted 
with guiding of energy, 456 
directive, gain of, 421 
dummy, 274 
effect of ground or flat sheet 
reflector, 09 
effective height, 02 
endfire array, 422 
feeding, experiment, 515 
finite, 402-405 
folding of, 416,428 
Franklin, 427-428 
half-wave, 401 
height contrasted with antenna 
length, 450 
image, 409 
input impedance, 415 
induction field, 395 
linear, defined, 392 
linear, radiation from, 392-399 
linear, standing wave, 401 
local field, 395 
loop, 416-427 
low-frequency fields, 393,395 
mutual impedance between, 425 
parasitic, 423 
plane wave radiation, 386 
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Antenna - Continued 

quarter-wave, 405 

radiation field, 396-397 

reactance, 416 

relation of size to wavelength 
370 

relation to transmission lines 
345 

resistance, 416 

rhombic, 416,427 

shape, 416 

short, 400 

tuning, effect of diameter, 415, 
416 

turnstile, 416,425 

V, 416,427 


Applegate diagram for velocity- 
modulated tube, 333 
Arc discharge, 49 
Arc-tube relaxation oscillators, 193- 
188 
frequency of oscillation, 185-187 
saw-tooth output, 185 
relaxation oscillators, syn- 
chronization of, 187 
relaxation oscillator, used 
with CRT, 215 
Area in MKS system, 372 
Armstrong method of frequency modula- 
tion, 241,246-248,292 
Array, broadside, 422 
endfire, 422 
Arrays, antenna, 415-425 
antenna, experiment, 516 
Arrival, horizontal and vertical 
angles of, 453 
Atmosphere, 435 
Attenuation in hollow wave guides, 
475-477 
Atmospherics, 271 
Attenuation constant of transmission 
line, 347,348,351 
Audio-frequency 
amplifier, distortion, in receivers, 
282 
classification of, 85-87 
oscillators, 190 
power amplifiers, 120,138 
push-pull, 127 
Austin-Cohen forma, 448 
Automatic frequency control, 279 
volume control (AVC) 250,261,279 
volume control, delayed, 261 
volume control, simple, 261 
Autotransformer for coupling, 30 
Average detection, 250,253-256 
Axes, systems of, 378 


Backward resistance of crystal, 269- 
270 
Balanced detector, 268 
modulator, 247,248 
Bakelite used in dielectric rods, 483 
Band-elimination filters, 33,34 
-pass circuits, coupling of, 24 
-pass filters, 33,34 
Barkhausen-Kurz oscillations, 303, 
309 
Batteries, physical qualities, 196 
Beam deflection in CRT, 209 
electron, in CTR, 208 
power tube, 53 
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Beam-power tube - continued 
as power amplifier, 125-127 
distortion in, 126 
used in push-pull, 126 
Beat-frequency oscillators, 191,205 
Bessel's equation, 468 
functions, 468-469 
roots of, 470 
Biased diode circuit, for rectangu- 
lar output, 178 
Billboard type antenna, 425 
Binomial arrays, 427 
Bleeder, 69,70 
Blurring of CRT image, 213 
Boltzman's constant (k), 49,272 
Bottom-bend detection, 252 
Boundary conditions for electro- 
magnetic fields, 409,431,457,458, 
467 
Bridge circuit for neutralization, 16} 
impedance, use in degenerative 
feedback, 201 
measurements at a-f, experiment 
to precede U-H-F experiments, 495 
Wien, use for degenerative feed- 
back, 201 
Bridges, types, 497 
- type RC oscillators, 191,200,201 
Broad-band coupling network, 26 
Broadcast transmitter, 287 
Broadcasting frequency channel, 369 
Broadside antenna array, 422 
Buffer amplifiers, 165,204,289 


Cadmium zinc sulphide screen 
material, 21% 
Capacitance, effective input, 57 
grid to cathode, 82 
grid-plate, 53 
in MKS system, 373 
interelectrode, 57,82 
output, 82 
plate to screen, 82 
plate to suppressor, 82 
to ground, of choke, 68 
varying, 241,2k5 
windings of transformer, 97 
Capacitivity, 371 
in MKS system, 373 
Carrier frequency, 230 
telephony, 229,370 
Catcher of velocity-mofulated tube 
. 335,336 
Cathode, 50 
Cathode-follower, 221,224,225 
follower amplifier, use to couple 
to transmission line, 223 
phase inversion, 223-225 
rays, 208 
oscillograph (CRO), 208 
oscillograph, circuit of commer- 
cial model, 224,225 
oscillograph, voltages, 181 
oscilloscopes, recommended to 
reader's attention, 497 
Cathode-ray tubes, (CRT), Ch. 5. 
147,189 
amplifiers for, 220 
beam deflection, 209 
blurring and flicker, 213 
circuits, ch. 5 
(CRT) and cathode-ray oscillograph 
(CRO), acquaintance with use to 


Cathode-ray tubes - Continued pre- 


cede U-H-F experiments, 495 
deflection sensitivity, 209 
defocusing because of amplifier 

coupling 
effect of transit time, 210 
‘locking-in for image constancy, 
215 
magnetic deflection, 210-212 
patterns - Lissajous figures, 
214-215 
return time of sweep, 215 
screens, 213 
sweep circuits, 215-219 
sweep frequency, 220 
use of push-pull amplifier, 223 
Cavity resonators, 324-329 
equivalent resistance, induc- 
tance and capacitance, 327 
shunt impedance, 327,329 
harmonic frequencies, 329 
modes, 326 
Q of, 326,327-329,331 
resonance frequency, 327 
Channels, 229,231 
F-M, 235 
Characteristic imvedance of 
coaxial line, 360 
of filters, 53 
of hollow wave guides, 476,484 
of open-wire transmission line, 
360 
of transmission lines, 346 
Characteristics, mutual, 52 
non-linear, of crystal, 268 
tubes, determined by CRT, 208 
plate, 52 
rectification, 257 
transfer, 52 
transrectification, 257 
volt-ampere, 85 
Charge in MKS system, 3573 
volume density in MKS system,373 
Chassis assembly, practical 
aspects, 497 
Child's law, 50,51 
Choke - condenser filter, 65 
Circuit, biased diode, for rectan- 

gular output, 178 
cathode-ray tubes, ch. 5 
elements, transmission lines as 

343 
for generating rectangular 

pulses, 176 
for generating triggering 

pulses, 177 
linear, 1 
parallel feed, 201 
parallel resonant, 5 
pulse-sharpening, Ch. 4 
series, 5 
series-feed, 201 
trigger, Ch. 4 

Circular polarization, 388 
section hollow wave-guide, 465 
sweep for CRT, 216 

Class A, AB, B, C Amplifiers, 
T1-19 

Class A amplifier, 80-84 
amplifier, grid bias, 118 
input admittance of, 83 
pentode, 81 
phase shift in, 81 


Class A - continued 
voltage amplification, 80. > 
Class ABp amplifier, power input, 
133 
Class B amplifier power input, 133 
rf amplifiers in transmitter, 290 
Class B tuned r-f power amplifiers, 
162-164 
distortion, 162,163 
“fundamental component of plate 
current, 163 
graphical solution for plate 
current, 163,164 
Class C amplifiers in transmitter, 
289 
Class C r-f power amplifiers, 15}- 
162 
d-c power input, 159 
driving power, 160 : 
graphical solution, 158 ' 
grid bias, 162 
plate circuit efficiency, 159 { 
Plate loss, 159 
tank circuit, 160,161 q 
Classifications of amplifiers, 76 
of voltage amplifiers, 85-87 
Clipping of peaks, 178,179 
wave, 2hy 
Coaxial line, 343,455 
lines compared with wave guides 
in use as resonators, 482 
discussion, 488 
matching wave guide to, 488 
Code reception, 286 
transmitter, 287,293 
transmitters, short wave, 294 
Coefficient of coupling - 
see coupling coefficient 
reflection in wave guide, 484-85 
Coils, 140 
Collector, KLystron, 340 
Common-impedance coupling, 114-118 
Commmnications receiver, 286 
Compensating Coupling Network, 26 
Compensation by decoupling circuit, 
118 
in video-frequency amplifiers, 148 
low frequency, in audio amplifiers, 
92 
Complex addition and subtraction, 2 
admittance, 4 
equivalent of instantaneous quanti- 
ty, 4 
imaginary part, 2 
impedance, 4 
mhos, 4 
notation, 3 
ohms, 4 
quantities, 2 
real part, 2 
size or magnitude of a, 3 
Components, harmonic, 1 
sinusoidal, 1 
Compound modulation, 248,2k9 
Composite characteristics of push- 
pull amplifiers, 128 
Concentric transmission lines - 
see coaxial lines 
Condenser, by-pass, 9% 
coupling, 140 
filter (for rectifier) 63 
grid-blocking, 202 
neutralizing, 165 
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Condensers - continued 
physical qualities, 496 
resistance filter, use in com- 
mercial CRO, 224,225. 
used for pulse sharpening, 22,225 
Conductance, 4 
grid, 83 
in MES system, 373 
input or grid, effective transit 
time, 296 
negative, 84 
Conduction current contrasted with 
displacement current, 375 
Conductivity in MKS system, 373 
of earth, effect on propagation, 
4S 
Constant-K filter, 31,34,151,152 
Continuity, equation of, 464,470 
Control, automatic frequency, 279 
automatic volume (see under 
automatic volume control) 
manual volume, 279 
tone, in receivers, 281 
Converters, 248,250,263-266 
amplifier as a power, 76 
frequency, 277 
pentagrid, in superheterodyne 
receiver, 277 
Cmyersions transconductance, 266 
Coordinate systems, right-handed, 
378 
Copper copper-oxide rectifier, 
269-270 
Cosine integral, 43 
Cosmic rays, effect on ionosphere, 
437 
Coupled circuits, 24 
Coupling of band-pass circuits, 24 
capacitance, 20,89,140,193 
coefficient, 20,97 
critical, 24,25 
condenser, 140,182 
electron, 277 
link, 289 
network, compensating, 26 
network, broad-band, 26 
network, resistance-capacitance, 20 
network, use with CRT amplifier 
221 
resistance, 20,182 
Critical anode voltage, 184 
frequency, ionosphere, 440-4) 
Cross modulation in receivers, 281 
product of two vectors, 378 
Crosstalk in CRT, 210 
in receivers, 281 
Crystal, backward resistance, 269- 
270 
controlled oscillators, 165 
detectors, 255,268 
detector, characteristic exponent 
492 
detectors, discussed, 490 
detectors, experiment, 505-506 
detectors, square-law, 490 
detector, used in resonator ex- 
periment, 482,489 
equivalent, electric circuit, 206 
forward resistance, 269-270 
oscillators, 205 
oscillator in transmitters, 287,289 
piezoelectric, Q of, 206 


Crystals - continued. 
quartz, 204,205,268 ~ 
quartz, as coupling element, 
284, 286 
signal-to-noise ratio, 269 
silicon, 269 
temperature effect, 206 
uranium oxide, 487 
whisker, 269 
Curl of a vector, 381 
Current amplification, 80 
conduction, contrasted with 
displacement current, 375 
controlled feedback, 112,113 
density in MKS system, 375 
displacement, 375. 
distribution along linear 
antenna, 400,403 
in MES system, 373 
in terms of work to take magnetic 
pole around closed path, 383 
pulsating, analysis of, 134 
ratios in Class C r-f amplifiers, 
156 
regulator for magnetron, 323,324 
stabilizer, 74 
wave form, measurement of, 208 
Curvature of earth, effect on 
electromagnetic propagation, 436 
Cutoff frequency of hollow wave 
guide, 462,476 
of plate current in magnetron,312 
Cycloid, path of electron in 
magnetron, 312 
Cylindrical coordinates, 465,468 
electrodes, 51 


Day hemisphere, 438 
D-C Resistance (of tube), 59 
Debunching in velocity-modulated 
tubes, 334,336,337 
Decibel (db), 88 
Decoupling, 114,116-118 
Decoupling Circuit, used with 
rectifier, 118 
factor, 117 
Deflecting plates of CRT, 208-210 
voltage, 209 
Deflection amplifier, 502 
of CRT, experiment, 501 
of electron beam in CRT, 209 
sensitivity of CRT, 209 
Defocusing because of CRT amplifier 
coupling, 223 
Degenerative amplifier, 71,103 
cathode-follower, 222 
feedback, 104,201 
circuits, 113 
Degeneration Network in Bridge- 
type oscillator, 200,201 
Del, vector operator, 380 
Delay time, 16,28,43 
automatic volume control, 261, 
279 
Demodulated wave, 250 
Demodulation, ch. 7 
Demodulator, 282 
Departure, horizontal and 
vertical angles of, 453 
Depth of penetration, 364,475 
Derivatives, partial, 377 
Detected wave, 250 


Detection, Ch. 7 
average, 250,253-256 
bottom-bend, 252 
distortion, 251,260 
anode-bend, 252 
U-H-F, 268-270 
efficiency of envelope, 257 
envelope, 250,257-261 
grid, 252 
large-signal 250,253-261 
linear, 250,253-261 
of frequency modulated waves, 250,266 
plate, 252 
small-signal, 250-253 
square-law, 250-253 
top-bend, 252 
Detectors, see also crystal detectors 
Detector, balanced, 268 
crystal, 255,268 
diode, 251 
diode, contrasted with diode 
rectifier, 255 
distortion, in receivers, 281 
experiment, 505-506 
klystron, 340 
regenerative, 285 
shunt type, 489 
traveling, used in wave guide 
experiment, 483-48) 
triode, 252 
series type, 489 
voltage constant, 252 
Deviation, frequency, 234 
meter, frequency, 291 
Dielectric constant, 371,373,374 
in MKS system, 37% 
earth, effect on propagation, 448 
ionosphere equivalent, 439,446 
of troposphere, 436 
rods, 472,483,494 
wave guides, 472 
Difference of potential in MKS system, 
373 
Diffraction, 29 
of electromagnetic waves, 369 
problems, 434 
Diode detector, 251 
detectors, experiment, 505-506 
in superheterodyne receiver, 279 
rectifiers, 255 
rectification characteristic, 259 
Direct-coupled voltage amplifiers, 
87,101 
Loftin-White circuit, 102 
Direct-current amplifier, 79 
Direction finding frequency channel, 
369 
Directional factor, 405 
patterns, 403,405-428 
pattern, in rectangular coordinance, 
411 - 
Directive antennas, 417-428 
Direct wave, 436,448 
on transmission line, 347,355 
Discharge, arc, 49 
glow, 49 
Discriminator, 266,268, 280,282, 283,293 
Displacement current, 375 
Distance in MKS system, 372,475 
Distortion, amplitude, 85 
amplitude, in video-frequency 
amplifier, 154 
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Distortion - continued 
frequency, 85 
frequency, in receivers, 282 
harmonic (definition), 133 
in amplifiers, 84,85 
in beam-power tubes, 126 
in Class AB amplifiers, 77 
in Class B amplifiers, 77 
in Class B tuned r-f power 
amplifier, 162,163 
in Class C amplifiers, 79 
in detection, 260 
in F-M detection, 268 
in oscillators, 202 
in power amplifier, 120,124 
in square-law modulator, 238 
in push-pull amplifier, 100,130, 
132 
in receivers, 271,281,282 
in transmitters, 291 
per cent, 59 
phase, 85 
phase, in video-frequency ampli- 
fier, 147,154 
reduction by negative feed-back, 
104,111 
transmission lines, 368 
Distortionless transmission, 284 
Divergence of a vector, 380 
Doherty amplifier, 290 
Door-knob tubes, 298 
Dot product of two vectors, 378 
Double-tuned transformer coupled 
r-f amplifier, 143-147 
Doublers, frequency, 165,289 
Doubler, voltage, 64 
Doubly-tuned r-f amplifier, 139 
Driver, 241 
Driver stage, 133 
Driving force, resolution of non- 
periodic, 38,40,41 
step-function, 2 
Duals, 5 
Duality of circuits, 5 
Dummy antenna, 274 
Duodiode, example of use in super- 
heterodyne receiver, 280 
Dwarf oscillations, 309 
Dynamic characteristic, 124 
characteristic, use in modula- 
tion, 239 
negative resistance, 194 
operating currents, 54 
operating line, 59 
operating point, 54 
operating voltages, 54 
transfer characteristic, 59 
transconductance, in oscillators, 
202 
voltage line, 159 
Dynatron magnetron, 310 
oscillator, 193,194 


Earth currents, 453 
curvature, effect on electromag- 
netic propagation, 436 
electric field, 435 
magnetic field, 435 
Eccles-Jordan trigger circuit, 171, 
194 
Echoes on transmission lines, 347 
Effective height of grounded anten- 
na 402-4035 


Efficiency of Class B tuned r-f 
power amplifier, 162 
power amplifiers, 127 
push-pull amplifier, 131 
vacuum-tube oscillators, 295,297 
Electric charge in terms of di- 
vergence of electric flux, 383 
Electric field intensity in MKS 
system, 375 
considered as a vector field, 377 
of earth, 455 
Electric flux, divergence of, 383 
density, considered as a vector 
field, 377 
in MKS system, 373 
in MKS system, 373 
focusing of CRT, 208 
length, transmission lines, 349 
Electrodes, capacitances between, 
Eee 
cylindrical, 51 
plane, 51 
tube, 48 
Electromagnetic deflection of 
CRT, 210 (see also under 
magnetic deflection) 
field, boundary or surface 
conditions, 409,431 
fields due to current in straight 
wire, 392 


quantities contrasted with lumped- 


parameter circuit quantities 
371 
radiation, Ch. 12 
theory, basic laws, 375-384 
wave, polarization normal to 
plane of incidence, 433 
waves, diffraction, 369 
wave, polarization parallel to 
plane of incidence, 433 
wave reflection, 369,428-45) 
waves, refraction, 369 
wave, transverse, 386 
wave, wave-front, 386 
Electron, 48 
affinity, 49,50 
angular velocity of, in magnetron 
312,313 
beam in CTR, 208 
coupling, 277 
density of atmosphere, 437-438 
emission, 48 
exchange of energy with circuits 
of positive-grid oscillator, 
305-308 
Plow, noise effects, 271-273 
gun, 208 
motion in positive-grid tubes, 
303-308 
in ionosphere, 437 
paths in magnetron, 311-314 
phase of motion of, 306 
optics, 208 
Electronic switches, 168,226,227 
switch, circuit of commercial 
model, 226 
switch, flicker resulting in CRO, 
227 
switching, experiment, 499 
Electrostatic deflection of CRT, 
experiment, 501 
focusing of CRT, 208 
Ellipse (i vs e), 58 


Elliptical polarization, 388,445 
EMF in MKS system, 373 
induced in any fixed closed loop, 
383 , 
Emission, see also secondary emission 
48 
current, 49,50 
field, 48,49 
photoelectric, 48,49 
secondary, 48,49 
secondary, effect on dynatron, 
193,194 
thermionic, 48 
Emitter, filament type, 50 
heater type, 50 
oxide-coated, 50 
thermionic, 50 
Emitting materials, 50 
Endfire antenna array, 422 
End plates of magnetron, 319 
Energy .in electromagnetic fields, 
389-392 
density in MKS system, 472 
guided, 455 
in MKS system, 372 
in power systems, 390 
propagation of, 389-392 
radiated, 390 
stored in electric fields, 371 
stored in magnetic fields, 371 
Envelope detection, 250,257-261 
efficiency of, 257 
of modulated wave, 231 
Equality of vectors, 377 
Equation, Bessel, 468 
of continuity, 464,470 
wave 384-385 
wave, in cylindrical coordinates, 
465 , 
Equations, Maxwell's, 375-384 
Equilibrium values of current in 
trigger circuits, 169 
Equivalent circuit of crystal, 206 
constant-current generator, 7 
constant-voltage generator, 7 
plate circuit of tube, 55 
Experimental frequency channel, 370 
Experiments in U-H-F, Ch. 15 
Exponential, 1,3 
expansion for sine and cosine, 3 
imaginary part of 3 
integral, 43 
real part of, 3 
Extraordinary wave, 445 


Facsimile frequency channel, 369 
Factor, amplification, .51,53 
decoupling, 117 
moduiation, 231 
ripple, 60,64,65 
smoothing, 60,65,66 
Fadeout, radio, 453 
Fading, 450 
selective, 450 
Faraday's law, 383 
Feedback, 195,201 
current controlled, 112,113 
degenerative, 103,104,201 
effect on gain versus frequency 
characteristic, 108 
effect on phase, 106 
higher stability because of, 104 
improved frequency characteristic 
because of, 104 
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Feedback, multiple, 114 
milti-stage amplifiers, 109,114-118 
negative, 104 
inverse, in transmitters, 291 
klystron oscillator, 337 
push-pull amplifiers, 11} 
reduction of distortion because of, 

104,111 
regenerative, 285 
self-bias circuits, 118-120 
stability with, 106 
voltage controlled, 112,113 
amplifier, negative, experiment, 
502-504 
amplifier, output impedance, 112 
amplifier, tuned, 197 
circuits, degenerative, 113 
factor, 105 
oscillator circuit, 198 
oscillators, 191,195,197-200 
voltage, 105,198 

Fidelity of radio receiver, 275 

Field, vector (see also under 
vector) 377 
emission, 48 

Fields - see electromagnetic fields 

Filament type of emitter, 50 

Filters, 30-34 
attenuation constant, 32,34 
band-elimination, 33,34 
pand-pass, 33,34 
band-pass, use with CRT amplifier 

221 

characteristic impedance, 43 
choke-condenser, 65 
condenser, 63 
condenser-resistance, use in 

commercial CRO, 224,225 

constant-K, 31,34 

coupling, for video-frequency 

amplifiers, 151 

effect of decoupling, 118 
high-pass, 33,34 
inductance-condenser, 67 
L section, 33 

lattice, 33 

light, for use with CRT, 213 
low-pass, 32,34 
m-derived, 33 
mid-series, 33,34 
phase constant, 32,34 
Pi (nm) section, 31,34 
propagation constant, 31 
rectifier, 63-67 
resistance-condenser, 67 
smoothing, 59 
T section, 33, 34 
used in modulation circuit, 238 

First detector in superheterodyne 
277,278 

Flicker in CRO using electronic 
switch, 227 
of CRT image, 213 

Fluorescence (in CRT), 213 

Fluorescent Screen, 208,209 

F-M detection, 266 

F-M frequency channel, 370 

Focus of paraboloid reflector, 434 

Focusing of CRT, 208,209 

Folding of antenna, 416,428 

Follower, cathode, 221,224,225 

Force in MES system, 372 


Forward resistance of crystal, 
269-270 j 
Fourier integral, 38-44 
series, 36-38 
Franklin antenna, 427-428 
Frequency and amplitude modulation 
combined, 243,2hy 
amplifier equivalent circuit at 
high, 22 
amplifier equivalent circuit at 
low, 21 
carrier, 230 
comparison by CRT, 217 
gyro, 45 
high, low, intermediate of 
amplifier, 20,21 
high, need for, 229 
hyper-, wave guides, 49) 
image, 278,279 
instantaneous, 233 
larmor precession, 445 
limit in oscillators, 295-297 
logarithmic scale, for oscillator, 
205 
maximum-usable, for wave propaga- 
tion, 446 
measurement by CRT, 208 
measurement techniques, advisory 
list, 497 
positive-grid oscillators, 309 
side, 231,251 
sub-multiple, 289,294 
resonance of cavity resonator, 327 
resonance, of simple series cir- 
cuit, 15 
repetition, of triangular pulses, 
189 
transit, 309 
transit in magnetron, 319,320 
ultra-high (U-H-F), 1 
Frequency channels in U.S. 369 
channels, interference between, 
370 
characteristics of simple net- 
works, 9,10,11 
control, 2h5 
control, automatic, 279 
control of local oscillator, 264 
converter, 277 
deviation, 234 
deviation meter, 291 
distortion, 85,282 
doublers, 165,289 
Frequency modulated waves, detec- 
tion of, 250 
Frequency modulation, 230,233-236 
armstrong method, 241,246-2h8 
channels, 235 
klystron, 340 
(F-M) monitor, 235 
reactance method, 241 
(F-M) receiver, 282 
Frequency Multiplier, 247,249,292 
amplifier, 165-167 
fundamental component, 167 
klystron, 335 
power output, 167 
Frequency stability of beat fre- 
quency oscillator, 205 
oscillators, 202-205 
push-pull oscillators, 201 
tolerance of transmitters, 287, 
288 


Frequency ~ continued. 
triplers, 165,289 
Full-wave rectifier - see under 
rectifier 
Function, Bessel, 235,468-469 
alternating, 36 
cyclical, 36 
hyperbolic, 345,352 
non-periodic, 38 
periodic, 36 
series expression for, 36-38 
step, 42 
Fundamental, 37 
Fourier integral, 40 
Fourier series, 37 
plate current in Class B tuned r-f 
power amplifier, 163 
plate current in Class C r-f 
amplifier, 156 
power output of push-pull amplifier, 
131 
rectifier output, 60 
ripple, 38,60 


Gain, 88 
characteristic of douole-tuned 
transformer coupled r-f amplifier, 
146,147 
r-f amplifier, 139 
single-tuned r-f amplifier, 140 
video-frequency amplifier, 150 
Cain of directive antenna, 421 
reduction by negative feedback, 104 
Gates, Ch. 4 
Generators, high frequency saw-tooth, 
188 
square-wave, used with electronic 
switch, 226 
harmonic, 289 
U-H-F, Ch. 10 
Gill-Morrell oscillations, 4303 
Glow discharge, 49 
tube, 71 
Graphical solution, Class C r-f 
amplifier, 158 
current in push-pull amplifier, 129, 
133 
plate current in Class B tuned r-f 
power amplifier 163,164 
Grid, 51 
bias, 54 
bias - Class A amplifier, 118 
blocking condenser, 202 
capacitance, 20,21 
conductance, 8% 
effect of transit time, 296,297 
detection, 252 
leak, 202,203 
leak, resistance, 20 
resistor, 140 
Grid-circuit modulation, 241 
modulation in transmitter, 290 
remote cutoff, 54 
screen, 53 
sharp cutoff, 54 
suppressor, 5% 
swing, 54 
variable-m, 54 
wires, 52 
Ground, effect on radiation, 409 
effect on U-H-F propagation, 435 
reflected wave, 436 
wave, 435,448,450 
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‘Group velocity, 462-463,476 
Guided wave, 436 
Guides, hollow wave, Ch. 14 

wave, as cavity resonators, 325 
Gun, electron, 208 
Gyro frequency, 445 


Haeff U-H-F tube, 340 
Hahn-Metcalf velocity-modulated 
tube, 340 
Half-power points, 14,18,26 
wave antenna, 401,405,412,419- 
426 
wave rectifier - see under 
Rectifier 
Harmonic 
analysis of push-pull output, 131 
cozponents - see also harmonics, 
LOT 
distortion (definition), 133 
frequencies of cavity resonators, 
Jeg 
generators, 289 
Harmonics because of amplitude dis- 
tortion, 85 
even, eliminated by push-pull 
circuit, 127 
graphical method for determining 
in output of power amplifier, 
133-138 
in Class C power amplifiers, 154 
in relaxation oscillators, 181 
in tubes, 55,59 
in velocity-modulated tube output, 
35D 
negative-resistance oscillators, 
194 
number necessary for amplifying 
.Saw-tooth wave, 220 
power amplifier, 12} 
push-pull oscillators, 201 
reduction of even in push-pull 
amplifier, 100 
ripple, 60 
use in negative grid U-H-F 
oscillator, 300 
Hartley oscillator, 199,202 
Heater type of emitter, 50 
Heaviside layer - see under 
ionosphere 
Height, effective, of grounded 
antenna, 402-403 
Heterodyne oscillators, 191,205 
High-frequency equivalent circuit 
of amplifier, 22,26 
modulation, 248 
need for, 229 
range in audio amplifiers, 
88,90 
saw-tooth generator, 188 
High-level modulation in transmit- 
tors, 290 
High-pass filter, 33,34 
Hollow wave guides, ch. 14 
attenuation, 475-477 
axial component of field, 471 
characteristic impedance, 476, 
48), 
circular section, 465 
cutoff frequency, 462 
effect of twists and bends, 485 
experiments, 516-518 


Hollow wave guide - contiumed. 
important properties summarized, 
479 
matching units, 485-89 
mode filters, 492-494 
power flow, 474-475 
radiation from, 480 
rectangular section, 458-467 
resonator used for matching, 
486 
tuned receiver, 487 
velocity of energy propagation, 
460 
velocity of phase propagation 
(phase velocity), 460,461, 
463,476 
wavelength in, 457,463,482 
Homogeneous Medium, 382 
Hops in transmission, 451 
Horizontal angle of arrival or de- 
parture, 453 
polarization, 389 
radiation pattern, 407 
Horns, directivity pattern, 481 
electromagnetic, 434 
experiment, 518-519 
Hum, 87,271,273,291 
Hyperbolic functions, 345,352 
Hyper-frequency wave guides, 49) 


Images, 409 
antenna, 409 
frequency response, 278,279 
Imaginary Part of a complex number, 
ps : 
part of exponential, 3 
Impedance, 4 
Impedance bridge, use in degenera- 
tive feedback, 201 
capacitance coupled voltage 
amplifiers, 86 
characteristic, 12 
characteristic, of transmission 
lines, 346 
complex, } 
input for Class A amplifier, 8% 
input, of antenna, 415 
input (transformer)', 20 
level, 35,360 
matching, 18,28 
matching by stub line, 362 
matching, power amplifier, 12) 
matching, transmission lines 
for 343,360,362 
matching with lumped parameters, 
experiment, 513,515 
mutual, between antennas, 425 
of a medium, 391 
output, 55 
real and imaginary parts, } 
self, 9 
transfer, 9,20 
transferred, 20 
transformed, 20 
Impulse amplifier, 147 
modulated transmitter, 287 
Incidence, angle of, 432 
plane of, 433 
Incident Wave of electromagnetic 
wave, 386 
on transmission line, 347,455 
Inductance, capacitance double- 


Inductance - continued 


inductance type, 94,95 
capacitance coupled voltage 
amplifiers, 86,93 
capacitance, coupled amplifier 
single inductance type, 94 
in MES system, 374 
of conductor at U-H-F, 365 
varying, 245 
Induction field of antenna, 395 
Inductors, physical qualities, 496 
Inductivity, 371 
in MES system, 374 
Index, refractive, 44,446 
Infinitesimal antenna, 400 
Input admittance for Class A 
amplifier, 83 
capacitance of tube, 57 
conductance, effective transit 
time, 296 


conductance of triode, negative, 84 


impedance of antenna, 415. 
impedance for Class A amplifier, 
83 


impedance of a transformer, 20 


Instability in regenerative receiver, 


285 
frequency, 233 
Insulating medium, 382 
Intensity control in CRO, 225,226 
Interelectrode capacitance, 5,6,82, 
83,103 
effect on frequency stability of 
oscillator, 203 
effect on oscillators, 297-298 
Interference between frequency 
channels, 370 
field, 455 
in radiation, 229 
in receivers, 271 
Integral, cosine, 43 
exponential, 43 
Fourier, 38-43 
sine, 43 
Intermediate-frequency amplifier, 
147,276,277 ,279 
amplifier, distortion in, 282 
coupling, 279 
frequency for F-M receiver, 283 
modulation of in superheterodyne, 
230 
Intermodulation, 55 


International broadcasting frequency 


channel, 369 : 
Inverse distance curve for propaga- 
tion, 448 
Inverse feedback, 195,201 
in cathode-follower stage, 221 
in transmitters, 291 
Inverter (see also phase inverter) 
Ionization potential, 48 
voltage, 184 
Ionosphere, 435, 4357-446 
critical frequency, 440-44 
equivalent dielectric constant, 
439, U6 
sounding, 445 
sounding, use of CRT, 220 
stratification, 437 
testing of, 446-448 
virtual height, 440-)4) 
Ionospheric disturbance, sudden, 
453 
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Ionsopheric - continued 
storms, 437,453 
wave, 435 

Ions, in tubes, 48 

Iris, for use with resonator, 82 

Iron pyrites for crystal detector 
490 

Isotropic medium, 382 

Iterative impedance - see charac- 
teristic impedance 


Kennelly-Heaviside layer - see 
under ionosphere 
tables and charts of complex 
hyperbolic functions, 352 
Keying in code transmitters, 29} 
Kirchhoff's laws, 5 
Klystron - see also under velocity- 
modulated tubes, 249,264,330 
amplifier, 340 
angular delay in feedback, 337 
as regenerative amplifier, 340 
collector, 340 
detector, 340 
experiment, 510-513 
frequency multiplier type, 3535 
oscillator, 337-339 
oscillator, diagram of, 338 
oscillator, feedback circuit, 337 
oscillator, reflex, 4539 
tuner, 339 
frequency modulation, 340 


Laboratory manual, ch. 15 
Ladder impedances, 32 
networks, 30 
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Large signal, 253 
signal detection, 250,253-261 
Larmor precession frequency, 445 
Layer of ionosphere, defined, 438 
L-C oscillator, 22 
Leakage inductance of transformer, 
97 
lepher wires, 295 
compared with wave guides in use 
as resonators, 482 
experiment, 508 
Length, electrical, transmission 
lines, 349 
in MKS system, 372 
Lens, equivalent in CRT, 208 
Limiter, 244,267,282,28% 
stages, 178 
voltage, 178 
Linear antenna, 392 
antenna, current distribution 
along, 400 
amplifiers in transmitters, 290 
circuit, 36 
circuit analysis - Ch. 1 
circuit tube as, 55 
(see also under non-linear) 
detection, 250,253-261 
modulation, 237,239-2h1 
magnetic deflection of CRT, 218 
network, 6 
polarization, 389 
sweep circuits, 215-216 
sweep, long rest period, 216 
system, 6 


Line-of-sight transmission, 453 
Lissajous figures, 214-215 
Link coupling, 289 
Load line, 58,125 
of push-pull amplifier, 130 
on push-pull characteristics,138 
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on rectification characteristic, 
260 ~ 
static, 58 
true, on push-pull characteristic, 
138 
Local field of antenna, 395 
Local oscillator, 263 
frequency control and stability, 
264 
single-to-noise ratio in, 26} 
Locking-in of voltages of CRT, 215 
Loftin-White circuit of d-c 
amplifier, 102 
Logarithmic frequency scale on 
oscillator, 205 
Long-wave code transmitters, 29} 
Loop antenna, 416,427 
binomial array, 427 
equations, 5 
length of transmission line, 343 
Lower side bands, 231 
frequency, 231,238 
Low frequency compensation in audio 
amplifiers, 92 
py decoupling, 118 
equivalent circuit of amplifier, 
21 
range in audio amplifiers, 88,89 
fields of antenna, 393,395 


Low-level modulation in transmitters, 


289 , 290 
Low-pass filter, 32,34 
as video-frequency coupling net- 
work, 151 
ideal steady-state characteris- 
tics, 41 
transient response, 41 
L Section, 33,35,55 
Luminous spot in CRT, 208 
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Magnetic deflection of CRT, 210 
effect of iron yoke, 211 
experiment, 501 
linear, 218 
Magnetic field, considered as a 
vector field, 4577 
earth's, 435 
intensity in MKS system, 373 
Magnetic flux density, considered as 
a vector field, 377 
divergence of, 383 
in MKS system, 374 
Magnetic flux in MKS system, 373 
Magnetic focusing of CRT, 208,209 
Magnetic pole, work to take around 
closed path, 383 
Magnetic shield between focusing 
and deflecting coils of CRT, 212 
Magnetic storms, 437 
Magnetizing inductance of trans- 
former, 97 
Magnetomotive force in MKS system, 
373 
Magnetostriction, 204 
Magnetron, angular velocity of 
electrons in, 312-313 
concentric cylindrical electrodes, 
312,319 

current regulator, 323, 324 

dynatron, 310 

end plates, 319 

experiment, 510-513 

need of constant magnetic field, 
523 

negative-resistance, 310, 314-317 


oscillators, 310-327 
paths of electrons in, 311-314 
‘plane parallel electrodes, 311,317 


plate current cutoff, 312 
push-pull connection, 315 
segments, 315,321 
split-plate, 314-317 
split-plate transit-time, 320-321 
transit-time, 311, 317-320 
virtual cathode, 313, 317 
voltage supply, 323 
Magnitude of a vector, 378 
Manual volume control, 261,279 
Mass in MKS system, 372 
Matching, impedance, 18,28 
impedance, power amplifier, 124 
impedance, with lumped parameters, 
experiment, 513-515 
network, 30 
stub line, 362 
units for hollow wave guides, 485- 
489 
with stubs, experiment, 515 
Maxwell's equations, 375-384,470,456 
458 
Maximum usable frequency (M-U-F), 
4YE_LHS 
m-derived filter, 33 
m-derived filter, as video-frequency 
coupling network, 151-153 
Mechanical vibration in amplifiers, 
87 
Medium, homogenous, 382 
impedance of, 391 
insulating, 382 
isotropic, 382 
refractive index, 44) ,446 


Medium-frequency range in audio 
amplifiers, 88,89 
Mercury - vapor tube, 67,68 
Microphone, 229 
Microphonics, 271,273 
Mid-series section - see T section 
Mid-shunt section - see Pi (mn) 
section 
Military equipment, size of, 370 
Miller, J.M., 206 
Mixers, 250,263-266 
in superheterodyne receivers, 278 
MKS rationalized system of units, 
372-365 
Mobile frequency channels, 369 
Mode filters for hollow wave guides, 
492-LOk 
Modes of cavity resonator, 326 
Modulated wave, 250 
defined, 230 
envelope of, 231 
Modulating wave, defined, 230 
Modulation, Ch. 6 
amplitude (A-M), 230-233,236-241 
amplitude, power, 232,233 
Armstrong method of frequency, 
2h6 248 
at high frequencies, 2h8 
combined amplitude and frequency, 
243-24) 
compound, 248,29 
cross, in receivers, 281 
definition, 230 
desirability of 100%, 233 
factor, 231,292 
frequency (F-M), 230,233-236 
grid-circuit, 241 
grid-circuit, in transmitters, 290 
high-level, in transmitters, 290 
in transmitters,, 290 
linear, 237,239-2h1 
low-level, in transmitters, 289, 
290 
monitor, 291 
percentage, 231 
phase, 230,237,246 ,247 
plate-circuit, 21 
plate-circuit, in transmitters ,290 
small-signal, 237 
square-law, 237 
square-law, distortion, 238 
types, 230 
velocity, 249 
Modulator, 241 
balanced, 247,248 
Monitor, F-M, 235 
modulation, 291 
Motorboating, 67,203 
Multiple feedback, 114 
Multipliers, frequency, 247,249,292 
Klystron as frequency, 335 
Multi-stage amplifiers, feedback, 114- 
118 
Multivibrator, 182,194 
Mutual characteristic, 52 
conductance (gm), 52,82 
conductance, in oscillators, 119, 
200 
impedance between antennas, 425 


Natural frequency, 17 
Negative conductance of triode, 84 


Negative - Continued 
feedback, 104 
feedback amplifier, experiment, 
502-504 
Negative-grid oscillator, experiment, 
508 
oscillator, U-H-F, 299 
U-H-F tubes, 298-302 
Negative of a vector, 377 
Negative slope, 53 
Negative slope of volt-ampere 
characteristic, 169 
Negative resistance, 169,170 
dynamic, 194 
elements, 192-193 
magnetron, 310,314-317 
oscillators, 168 
oscillators, harmonic content of, 
191,194 
oscillators without inductance, 
195 
relation to positive-grid oscil- 
lator tube, 308 
tetrodes, 170 
triode, 84 
Negative-transconductance oscilla- 
tors, 193 
Network, coupling, 20 
filter, 30 
impedance level, 35 
impedance matching, 28,30 
ladder (see also under coupling 
network), 30 
resistance-capacitance, 20 
simple parallel, 16,18 
simple series, 12,13 


Neutralization, 289 
amplifiers, bh 


r-f power amplifiers, 164-165 
tuned power amplifier, 164,165 
Neutralizing condenser, 165 
Night hemisphere, 438 
Node equations, 5 
in electric field standing wave, 
326 
in transmission line standing 
wave, 360 
Noise, 87 
receiver, 271 
transmitter, 291 
thunderstorms, 437 
Non-dissipative network, 9 
Non-linear characteristic of crystal, 
268 
circuits, 6 
circuit, for A-M, 237 
distortion, 85 
distortion, effect of feedback, 112 
tube characteristics, 54,55,56 
Non-sinusoidal, functions, 36 
response to driving force, 43 
waves, 36 
Normal-incidence testing of iono- 
sphere, 446 
Norton's theorem, 7 


Oblique-incidence testing of iono- 
sphere, 446 

Operating point, 54,59 
dynamic, 54,57 
static, 54,59 

Optics, electron, 208 
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Order of reflection in propagation, 
451 


Ordinary wave, 445 de 


Oscillations, amplifiers, 84 
amplitude limit by self-bias, 202 
Barkhausen-Kurz, 303,309 
because of common-impedance coup- 

ling, 116 
critical case, 191 
decaying, 191 
dwarf, 309 
feed-back, 11 
feed-back through d-c source, 116 
Gill-Morrell, 303 
increasing, 191 
parasitic, 202 
stabilization of amplitude, 197 
use of second harmonic in negative 
grid U-H-F oscillator, 300 

Oscillators, Ch. 4 

(see also under audio-frequency 
oscillators and relaxation os- 
cillators) 

a-f, experiment to precede U-H-F 
experiments, 495 

analysis compared with amplifier 
analysis, 198 

beat-frequency, 191 

bridge-type RC 

crystal-controlled, 165,205 

distortion in, 202 

dynatron, 193-194 

effect of dynamic transconductance, 
202 

efficfency, 295 

feed-back, 191 

feed-back circuit, 198 

frequency limit, 295-297 

frequency stabilization of, 202 

Hartley, 199 ’ 202 

heterodyne, 191 

Klystron, 337-339 

local, 263 

local, frequency control and 
stability, 264 

local, in superheterodyne receivers, 
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magnetron, 310-327 

maltivibrator, 182 

negative resistance, 191,194,202 

negative-grid U-H-F, experiment, 
508 

negative-resistance, 168 

negative-transconductance, 193 

pendulum-type, 303 

positive-grid, 302-310 

positive-grid, compared to transit 
time magnetron, 317 

power output, 295 

quartz-crystal, in transmitters, 
287 ,288 , 289 

reflex Klystron, 339 

relaxation, 168,180-188,501 

resistance-capacitance (RC), 191 

resistance-stabilization, 204 

resistance-tuned, 191 

simplest type, 242 

sine-wave, 190-207 

sinusoidal, used as pulse genera- 
tors, 180 

sweep, for CRT, 218 

transitron, 193 

tuned-grid, 198 


Oscillators - Continued 
tuned-plate, 198,199 
U-H-F negative-grid, 299 
vacuum-tube, 295 
velocity-modulated, 249 
Oscillograph, cathode-ray (CRO) ,208 
cathode-ray, circuit of commercial 
model, 224,225 
Oscilloscopes - see under oscillo- 
graphs 
Output impedance of Class A ampli- 
fier, 83 
impedance of feed-back amplifier, 
12 
of push-pull amplifier, 131 
power of tube, 59 
voltage of rectifier, 59,60 
Oxide-coated emitters, 50 
O-wave, 445 


Paraboloid directivity, 434 
reflector, 43) 
reflectors, experiment, 518-519 
Parameters, circuit, 1 
lumped, 6 
Parallel connection, 4 
feed circuits, 201 
Parallel resonant circuit, 16-18 
current amplification, 18 
experiment to precede U-H-F ex- 
periments, 495 
input impedance, 18 
Q of, 18 
Parasitic antennas, 423 
Parasitic oscillations, 202 
Partial derivatives, 377 
Pass bank of r-f amplifier, 139 
Path length, differences in, 403 
Patterns - see radiation patterns 
Peak amplitudes, 135 
clipping, 178-179 
inverse voltage, 62,69 
Pendulum-type oscillators, 303 
Penetration depth, 327,364,475 
frequency of ionosphere 
critical frequency 
Pentagrid converter in superhetero- 
dyne receiver, 277 
mixer in superheterodyne receiver, 
278 
Pentode, 53,84,103 
as power amplifier, 125-127 
Class A samplifier, 81 
detector, experiment, 505-506 
in r-f amplifiers, 142 
limiter, 267 
neutralization, 139 
plate resistance, 140 
trigger circuits, 170 
uged in push-pull, 126 
used in r-f amplifiers, 139 
used in saw-tooth generator, 189 
use in video-frequency amplifiers, 
149 
Percentage modulation, 231 
desirability of 100%, 233 
Period, compared with transit time, 
5h 
of a periodic function, 36 
Periodic function, 36 
Permeability, 371 
in MKS system, 374 
of empty space, 374 
Permeance in MKS system, 374 


- gee 


Phase angle, 1 
characteristics of simple circuit, 
15 
characteristics of video ampli- 
fiers, 28,119 
constant (see phase-shift con- 
stant) 


constant of filters, 32,34 
distortion, 85 


distortion in video-frequency 
amplifier, 147 
inversion, cathode, 223-225 
inverter, 200,201 
inverter amplifier, 100,101 
inverter, self-balancing type, 
101 
modulation, 230,237,246 ,2k7 
of electron motion, 306 
propagation, velocity of, 284 
Phase-shift amplifier, 152-153 
constant of transmission line, 
347 548, 351 
in an ideal amplifier, 152 
in Class A amplifiers, 81 
in filter-coupled video amplifier, 
152-155 
in resistance-capacitance coupled 
video-amplifier, 150 
Phase-splitting circuit, used with 
CRT, 217 
Phase velocity in hallow wave 
guide, 460,4€1,463,476 
velocity on tran&mission lines, 
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Phosphorescence of CRT screens, 213 
Photoelectric emission, 48 
Phototubes, 50 

used with trigger circuits, 176 
Picture pick-up tube, 147 
Pi (™) filter sections, 31 
Piezoelectric effect, 205,268 
Plane earth curve, in propagation, 

4UES 
Plane of incidence, 433 
Plane waves, 385-392 

polarization of, 388 
Plate, 49 

capacitance, 20 

characteristic, 52 

circuit, equivalent, 55 

circuit modulation, 241 

circuit modulation in trans- 

mitters, 290 

current cutoff in magnetron, 312 

detection, 252 

diagram, 58 

resistance, 20,52,53,56,85,121 
Plates, deflection, of CRT, 208-210 
Polarity of a cycle, 255 
Polarization, circular, 388 

elliptical, 388 

horizontal, 389 

linear, 389 

normal to plane of incidence, 433 

of electromagnetic waves, 388 


parallel to plane of incidence, 
433 
vertical, 389 
Police transmitter, 287 
Polystyrene used in dielectric rods, 
483 
Positive-grid oscillators, 302-310 
compared to transit time magnetron, 
317 
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Positive-grid oscillators - Continuei Pulses - Continued 


frequency, 309 
tube considered as a negative re- 
sistance, 308 
motion of electrons in tube, 303- 
308 
Positive pulses, used in saw-tooth 
generator, 188 
Power amplifiers, 79 
audio frequency, 120-138 
peam-power tube, 125-127 
Class A, 120-125 
Class B, 162-164 
Class C, 154-162 
distortion, 120 
efficiency, 127 
graphical method for determining 
harmonics, 133-138 
maximum output, 121-124 
neutralization of tuned, 164-165 
pentode, 125-127 
push-pull a-f, 127 
radio-frequency, 139,154-165 
transformed local resistance, 
124-125 
Power converter, amplifier as, 76 
density in MKS system, 372 
flow in hollow wave guides, 474- 
475 
flux in MKS system, 372 
half-points, 8,9 
in MES system, 372 
meters, types of, 497 
output of push-pull amplifier, 
152 
output of tube, 59 
output of vacuum-tube oscillators, 
LoD) 
ratio expressed in db, 88 
transfer, maximum, 8,9 
wave, in wave guide, 48h 
Power factor angle, maximum power 
transfer for fixed, 9 
Power factor basis of definition of 
resonance, 17 
Power supplies, 48,59 
elementary experiment to precede 
U-H-F experiments, 495 
experiment, 498 
hum effect, 274 
Poypting's vector, 389-392,474-h75, 
461 
Pre-selector, 276,277 
Probe, -325 
used with resonant chamber, 483 
Propagation constant of filters, 31 
of transmission lines, 344,345 
Propagation of electromagnetic 
energy, 389-392 
of electromagnetic waves, Ch. 13 
Pulsating current, analysis of, 134 
Pulses, generated by self-biased 
sinusoidal oscillator, 180 
frequency of rectangular, 177 
length of rectangular, 177 
negative, to trigger circuit, 175 
non-recurrent, 38 
positive, used in saw-tooth genera 
tor, 188 
radiation, 445 
rectangular, 38,61,176,177 
repetition frequency, 180 
response to, 38-43 


saw-tooth, 181, 183 
triangular, circuit for, 189 


Pulse-sharpening circuits, Ch. 4 
condenser, 224, 225 


Push-pull amplifiers, 78,100,103 

a-f power amplifiers, 127 

a-f power amplifiers, Class A, 
AB, B, 127-128 

amplifier,efficiency, 131 

amplifier, equivalent or com- 
posite characteristics, 128 

amplifier, feed-back, 114 

amplifier, form of plate cur- 
rent, 129 

amplifier, fundamental power 
output, 131 

amplifier, graphical solution, 
129 

amplifier, load line, 130 

amplifier, use with CRT 

circuit for beam-power tubes, 
126 

circuit for pentodes, 126 

connection of magnetron, 315 

distortion, 130,132 

negative resistance oscilla- 
tor, 194 

oscillators, 201,202 

oscillators, harmonic content, 
201 

stages in transmitters, 291 


Q, capacitor, 23 
cavity resonator, 326,327-329, 
opt 
coil, 23 
definition, 23 
meter, recommended to reader's 
attention, 497 
piezoelectric crystal, 206 
resonator, 23 
shielded parts in r-f amplifier, 
139 
Quarter-wave antenna, 405 
transmission line, 360 
Quartz crystal, 204,205,268 
as coupling element, 284,286 
Quartz crystal oscillator, in 
transmitters, 287,288,289 
Quenching tube, 286 


Radiated energy, 390 
wave, 435 
Radiation, Ch. 12 
field of antenna, 396-397 
horizontal pattern, 407 
horn, 434 
linear antenna, 392-399 
need for high frequencies, 229 
paraboloid, 434 
resistance, 400,428 
unguided contrasted with guided, 
455-456 
vertical pattern, 407 
Radio fadeout, 453 
Radio-frequency amplifier, 79 
Class B, in transmitters, 290 
current ratios in Class C, 156 
distortion in, 282 
double-tuned transformer coup- 
ling, 143-147 
fundamental component of current 


Radio-frequency amplifiers.- Con't. 
in Class C, 156 
gain characteristic, 139 
in superheterodyne, 276 ,278-279 
pass band, 139 
doubly-tuned, 139 
power, 139,154-165 
selective type, 139 
selectivity and sensititivy, 143 
shielding, 139 
single-tuned, 140-141 
tuned, 141 
tuned secondary transformer coup- 
ling, 142-143 
tuned type, 139 
use of pentodes, 142 
used in broadcast receivers, 143 
voltage, 139-147 
Radio-frequency oscillators, 190 
Radio receiver - see also under re- 
ceiver, Ch. 9 
Radio-telephone A-M transmitter, 
287 , 288,291 
F-M transmitter, 287,292 
Radio transmitters - see under 
transmitters 
Rays, cathode, 208 
Reactance, 1 
antenna, 416 
function, 12 
method of frequency modulation, 
2h1 
network, frequency characteris- 
tics, 9,10,11,12 
network, resonance in, 10,11,12 
self, 9 
transfer, 9 
Reactance tube, variable, for AFC, 
280-281 
modulator, 292,294 
Receivers - see also under super- 
heterodyne receivers, Ch. 9 
all-wave, 278,282 
communications, 286 
distortion in, 281,282 
fidelity of, 275 
frequency-modulation, 282 
noise, interference, distortion, 
271 
pass-band, 283 
radio, Ch. 9 
regenerative, 284 
r-f amplifiers used in broadcast, 
143 
selectivity, 271,274,278,279 
signal-to-noise ratio, 274 
superheterodyne, 276-282 
superheterodyne, experiment, 508 
superregenerative, 284 
tone.control, 281 
tuned r-f, 275,276 
Receiving antenna, directional pat- 
tern of, 405 
Reciprocity theorem, 7 
Rectangular pulses, 176 
used in triangular pulse genera- 
tor, 189 
Rectification characteristics, 257 
for diode, 259 
Rectifier, arc, used in arc-tube 
relaxation oscillator, 184 
circuits, 60 
copper copper-oxide, 269-270 
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Rectifiers - Continued 
diode, contrasted with diode de- 
tectors, 255 
electron-tube, 59 
filters for, 63-67 
full-wave, 37,60,61,69 
half-wave, 37,60,61 
uranium oxide, 487 
used with decoupling circuit, 118 
Refracted wave - see also under 
transmitted wave, 433 
Reflected wave of electromagnetic 
wave, 386 
on transmission line, 347 
Reflection, angle of, 432 
coefflicient for transmission 
line, 364 
coefficient in wave guide, 48h 
contrasted with diffraction, 429 
electromagnetic waves, 369,428- 
43h 
order of in propagation, 451 
scattered, 44h 451 
sporadic, 4,451 
zigzag, 452 
Reflector, paraboloid, 434 
perfect, flat sheet, 409 
Reflex klystron oscillator, 339 
Refraction, angle of, 433 
of electromagnetic waves, 
390 
Refractive index of a medium, 4h), 
Regeneration as a result of feed- 
back, 111 
in amplifiers, 84 
network in bridge-type oscilla- 
tor, 200,201 
Regenerative amplifier, klystron 
as, 340 
detector, 285 
feedback, 285 
receivers, 284-286 
Relaxation oscillators, (see also 
arc-tube relaxation oscillators), 
168, 180-188, 194,501 
arc-tube, 183-188 
for use with ORT, 216 
harmonics, 181 
relation to trigger circuit, 180 
synchronization of, 183 
van der Pol, 181 
Relay, used with trigger circuit, 
175 
Repetition frequency of pulse, 180 
of triangular pulses, 189 
Resistance (see also negative re- 
sistance), 4 
antenna, 416 
backward, of crystal, 269-270 
-capacitance bridge, 201 
circuit, square-wave tests of, 
46 
coupled amplifier, circuit of, 
196 
coupled amplifier with feed- 
back, 111 
coupling, video-frequenay am- 
plifiers, 147 
network, 20 
oscillators, 191,201 
voltage amplifiers, 8,87,95, 
102 ; 


Resistance - Continued 
condenser filter, 67 
coupling, 20 
d-c of tube, 59 
equivalent, of parallel circuit, 
18 
forward, of crystal, 269-270 
grid-leak, 20 
negative, 84,169,170 
negative, oscillators, 191, 
19h ,202 
plate, 20 
radiation, 400,428 
stabilized oscillators, 204 
tuned oscillators, 191 
U-H-F of conductor, 365 
in MKS system, 373 
Resistivity, 371 
in MKS system, 373 
Resistor, grid-leak, 140 
physical qualities, 496 
self-bias, 93 
Resonance curves, universal, 15 
frequency, mechanical, of cry- 
stals, 206 
frequency of cavity resonator, 
327 
frequency (parallel ciréuit), 17 
frequency (simple series cir- 
cuit), 15 
Resonant chamber, 483 
Resonant circuits, for impedance 
matching, 30 
parallel, 16-19 
series, 12-16 
Resonant impedance of transmission 
lines, 349 
Resonators, see also under cavity 
resonator, 324-329 
experimental investigation, 482 
Q of, 482-485 
used for matching, 486 
wave guide as, 482 
Response characteristic, 6 
to components, 36 
Return time of CRT sweep, 215 
Rhombic antenna, 416,427 
traveling waves on, 427 
use of. characteristic impedance 
for termination, 427 
Richardson's equation, 49 
Right-handed system of axes, 378 
Ripple, 38,59 
factor, 60,62,64,65 
frequency, 60,66 
voltage, 59,60,69,70 
Rods, dielectric, 472,483,494 


Saturation current, ,49 
Saw-tooth wave generator, 183 
generator, high-frequency, 188 
oscillator, used with electronic 
switch, 227 
sweep for CRT, 215 
waves, 181,183. 
waves, used with CRT, 219 
Scalar product of twa vectors, 378 
Scale, logarithmic frequency, for 
oscillator, 205 
Scattered reflections, 44h ,451 
Screens, cathode-ray tube, 213 
fluorescent, 208,209 


Screen grid, 53 
Sea water, 428,449 
Secant law for ionosphere, 446 
Second detector in superheterodyne 
receiyer, 276,279 
Secondary emission, 48 
effect on dynatron, 193,194 
effect on ‘size of grid resistor, 
203 
Segments of.magnetron, 315,321 
Segmented-plate magnetron (see 
split-plate magnetron) 
Selective fading, 450 
Selectivity of receiver, 274,278 
of r-f amplifier, 143 
of regenerative receiver, 286 
of superregenerative receiver, 286 
Self-bias, feedback resulting from 
118-120 
impedance, 93 
in amplifiers, 100 
resistor, 93 
to limit amplitude of oscillation, 
202 
Sensitivity, deflection, 209 
measure of, 274 
receiver, 271,274,279 
r-f amplifier, 143 
regenerative receiver, 285,286 
Series circuit, 140 
circuits, experiment to precede 
U-H-F experiments, 495 
connection, 4 
feed circuits, 201 
resonant circuit, 12,13 
" amplification by, 13 
Series, mathematical 
fourier, 36-38 
for electrode currents, 54 
Taylor 
Bessel functions, 235 
Sharp cutoff grid, 54 
Shielding to reduce hum, 274 
Shield, use of in magnetic focusing 
of CRT, 212 
Short antenna, 400 
Short wave code transmitters, 294 
Shot effect, 271,272,273 
Side bands, 231 
Side-frequencies, 231,251 
of F-M wave, 235 
Signal channels, in radiation and 
carrier, 229 
Signal, large, 253 
emall, 253 
Signal-to-noise ratio in local os- 
cillators, 264 
in receivers, 274 
Silent zone, 451 
Silicon crystal, 269,492 
Simple avc, 261 
Simple series circuit, 140 
Sine integral, 43 
wave, complex analog of, 2 
wave oscillators, 190-207 
Single-ended amplifiers, 100,138 
amplifiers, feedback, 114 
circuit for beam-power tubes, 126 
primary, 100,101 
Single-tuned r-f amplifier, 140-141 
Sinusoidal components, 1,36,38 
Skip distance, 451 
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Skin, conductor, 328 

depth, 326 

effect, 475 

effect, in oscillators, 296 

effect on transmission line 

transients, 367 

effect in coaxial line, 455 
Sky wave, 435,448 
Slope, negative, of volt-ampere 

characteristic, 169 
Small-signal, 253 

detection, 250-253 

modulation, 237 

modulation, applied to balanced 

modulator, 248 

Smoothing factor, 60,65 

filters, 59 
Solder, physical qualities, 496 
Solid wave guides, 472 
Sounding, ionosphere, 445 
Space charge, 48,50 
Spiral sweep for CRT, 216 
Split-plate magnetron, 314-317 

transit-time magnetron, 320-321 
Sporadic reflections, 444,451 
Square-law detection, 250-255 

modulation, 237,2h8 


Square waves (see also under pulse, 


rectangular), 44 


generators, recommended to reader's 


attention, 497 

generator, used with electronic 
switch, 226 

oscillator, used with electronic 
switch, 227 


response of circuits, experiment, 


504 
testing, 44 
Stability, frequency, of beat fre- 
quency oscillator, 205 
frequency, of transmitters, 288 
of d-c amplifier, 103 


improvement with negative feedback, 


104 
Stabilizers, current, 74,75 
voltage, 70,71 
voltage, use in commercial CRO, 
225 ,226 
Stable conditions in trigger cir- 
cuits, 168 
Stages, limiter, 178 
Standing wave, linear antenna, 401 
nodes of, 360 
transmission line, 357,359,360 
Static operating currents, 54 
‘load line, 58 
point, 54,59 
voltages, 54 
Storms, ionospheric, 437,453 
magnetic, 437 
Stratification of ionosphere, 437 
Stratosphere, 435 
Stubs,’ example of use, 299-302 
line for impedance patching, 362 


used in matching, experiment, 515 


Submarine cable, 455 
Sub-mltiple frequency, 289,294 
Subtraction of vectors, 378 
Sum of vectors, 577 

Sun, effect on ionosphere, 437 


Sun-spot cycle, effect on ionosphere, 


437 
Super-control tube, 281 


Superheterodyne receiver, 147,276- 
282 
discriminator in, 280 
experiment, 508 
first detector, 277,278 
i-f amplifier, 276,279 
local oscillator, 277 
mixer, 278 
modulation in, 229 
need for converter or mixer, 263 
r-f amplifier in, 276,278-279 
second detector, 276,279 
Superposition, principle of, 6 
use of in determining response 
characteristic, 7 
Superregenerative receivers, 284- 
286 
Supplies,*power, 48 
Suppressor grid, 53 
Surface conditions for electro- 
magnetic fields, 409 
Surface vector, 379 
wave, 436, 448-45) 


Susceptance, 4 


Sweep amplifier, in commercial CRO, 


22h 225 
circuits, experiment, 499 
circular, for CRT, 216 
circuits, linear, 215-216 
frequency of CRT, 220 
linear, long rest period, 216 
oscillator, 218 
oscillators for CRT, amplifiers 
for use with, 220 

spiral, for CRT, 216 

Swinging chokes, 66 

Switches, electronic, 168,226,227 


electronic, commercial model, 226 


Switching, electronic, experiment, 
499 


Synchronization of arc-tube relaxa- 


tion oscillators, 187 
of relaxation oscillators, 183 


T section, 33,34 
Tantalum, 50 
Taylor's series, 239 
Telegraph code transmitter, 287 
Telegraphy, 229 
Telephony, carrier, 229,370 
Television, amplifiers for, 167 
use of CRT, 208,220 
amplifier, 85,147 
frequency channel, 370 
transmitter, 287 
Terrain clerance. meter, 229 
Terrestrial magnetism, effect of 
anomalies on propagation, 453 
Test oscillators, types,497 
Tetrode, 53 
negative resistance of, 170 
trigger circuits, 169 
Thermal agitation, 271,272 
Thermionic emission, 48 
emitter, 50 
Thevenin's theorem, 7,144 
Thoriated tungsten, 50 
Thunderstorms, effect on electro- 
magnetic propagation, 437 
Thyratron, 184 
circuit for current control of 
magnetron, 52h 
trigger circuit, 500 


Time constant of R-C circuit, 177 
of transient on transmission lines, 
368 
in MKS system, 372 
measurement by CRT, 208 
Tolerance, frequency of transmitters, 
287 ,288 
Tone control in receivers, 281 
Tone-modulated transmitter, 287 
Tools, list of useful, 497 
Top-bend detection, 252 
Tracking, 264 
Transconductance, bridge circuit 
for measuring, 72 
conversion, 266 
dynamic, in oscillators, 202 
grid-plate, 52,82 
mutual, effect on input conduc- 
tance, 296 
need for high in audio amplifier, 
91 
negative, oscillators, 193 
Transfer characteristic, 52 
characteristic, dynamic, 59 
impedance, 20 
impedance of a transformer, 20 
load resistance, power amplifier, 
124 
Transformer, 19 
a-f, hum effect, 273 
capacitance between windings, 97 
coefficient of coupling, 20 
contrasted with amplifier, 76 
coupled-amplifier with feed-back, 
au Bk 
coupling for Class ABs and Class 
B amplifier, 133 
doubly-tuned, for i-f coupling, 
279 
flux, push-pull circuit, 127 
input impedance, 20 
leakage inductance, 97 
magnetizing inductance, 97 
square-wave test of, 17 
transfer impedance, 20 
transferred impedance, 20 
transformed impedance, 20 
tuned, used as pre-selector, 277 
turn ratio, 97 
use for impedance matching, 30 
use of transmission line for, 360 
coupled voltage amplifiers, 86, 
96-100 
Transients in CRT circuit, 219 
on transmission line, 345,359, 366- 
368 
Transit frequency, 309 
in magnetron, 319,320 
Transitron oscillator, 193 
Transit time, 248,296,297 
in CRT, 210 
magnetron, 311,317-320 
magnetron, split-plate, 320-321 
Transmission of electromagnetic 
waves - see under propagation 
angle of, 433 
distortionless, 284 
line-of-sight, 453 
velocity. of, 284 
Transmission lines, Ch. 11 
as circuit elements, 343 
attenuation constant of, 347,348, 
351 
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Transmission lines - Continued 
characteristic impedance, 346 
coaxial, 343 
current spiral, 355 
direct wave, 347,355 
distortion, 468 
echoes, 347 
effect of skin effect on 

transients, 367 
efficiency, 346 
electrical length, 349 
example, 352 


for impedance matching, 343,360, 


362 
incident wave, 347,355 
lecher wire, 295 
line parameters, 364 
loop length of, 343 
_ lossless, 349 
phase-shift constant of, 347, 
348 ,351 
power transfer capacity, 346 
propagation constant, 344 
quarter-wave, 360 
reflected wave, 347,355 
reflection coefficient, 36h 
relation to antennas, 343 
resistance at U-H-F, 455 
resonant impedance, 349 
standing waves, 357,359,360 
transients, 345,359, 366-368 
transposition of, 343 
traveling waves, 357 
time constant of transient on, 
368 
uniform, 343 
uses in U-H-F, 343 
velocity phase propagation, 359 
wavelength on, 359 
wavelength measurement, 343 


Transmitted wave (refracted wave), 


433 

Transmitters, Ch. 9 
aircraft mobile, 287 
broadcast, 287 
distortion, 291 
frequency tolerance, 287,288 
high-level modulation in, 290 
hum, 291 
impulse-modulated, 287 
long-wave code, 294 


low-level modulation in, 289,290 


modulation in, 290 
noise, 291 

police, 287 
pueh-pull stages, 291 


radio-telephone A-M, 287,288,291 


radio-telephone F-M, 287,292 

telegraph code, 287,293 

television, 287 

tone-modulated, 287 

ultra-high frequency, 287 

use of Class B r-f amplifiers, 

290 

use of inverse*feed-back, 291 
Transposition of transmission 

lines, 343 


Transrectification characteristics, 


257 
Transverse electric (TE) wave in 
wave guide, 463,471 
electromagnetic wave, 386 
magnetic (TM) wave in wave 
guide, 460,469 


Traveling detector, used in wave 
guide experiment, 483-484 


Traveling waves in wave guide, 457 


on transmission line, 357 
Triangular pulses, 189 
Trigger circuits, Ch. 4 
critical resistance, 168 
critical voltage, 168 
Eccles—Jordan, 171 
equilibrium values of current, 
165 
pentode, 170 


relation to relaxation oscillator, 


180 
tetrode, 169 
theory of, 168 
thyratron, 500 
two stable conditions, 168 
use of negative pulse, 175 


use of pulse of either polarity, 


Li 

used with phototubes, 176 

used with relay, 175 
Triggering pulses, circuits for, 

Ley, 
Triode, 51,84 

detector, 252 

efficient as power amplifiers, 

127 

power amplifiers, 120 
Triplers, frequency, 165,289 
Troposphere, 445 

dielectric constant, 436 
Tropospheric wave, 435 
Tubes, 48 

acron, 298 

activation, 50 

amplification factor, 51,52 

beam-power, 53 

cathode-ray (CRT) - see also 


under cathode-ray tubes, Ch. 5 


door-knob, 298 
double-ended, 299 

for power supplies, 68 
Haeff U-H-F, 340 


Hahn-Metcalf velocity-modulated, 


340 


manual or handbook of, (see also 


under diode, triode, tetrode, 
pentode, etc.), 53 

picture pick up, 147 

quenching, 286 

static and dynamic characteris- 
tics, experiment to precede 
U-H-F experiments, 495 

‘super-control, 281 


super-control type, 279 
testers, types, 497 
transmitting, 50 
U-H-F negative-grid, 298-302 
variable-m, 281 
variable reactance, for AFC, 
280-281 
velocity-modulation, 329-341 
Western Electric 316A, 298 
Western Electric 368A, 299 
Tuned feed-back amplifier, 197 
Tuned-grid oscillator, 198 
Tuned-plate oscillator, 198,199 
Tuned r-f amplifiers, 141 
receiver, 275,276 
Tuned secondary transformer 
coupled r-f amplifier, 142-143 
Tuner for klystron, 339 


Tungsten, 50 
thoriated, 50 
Tuning, automatic, 245 
Tuning stubs, example of use, 299- 
302 
Turn ratio, transformer, 97 
Turnstile antenna, 416,427 


Ultra-high-frequency (U-H-F) cir- 
cuits, 1 
detection, 268-270 
effect of ground, 435 
generators, Ch. 10 
Haeff tube, 340 
inductance of conductor, 365 
negative-grid oscillator, 299 
negative-grid tube, 298-302 
oscillators, magnetron, 310-327 
oscillators, positive-grid, 302- 
310 
radiation patterns, 411 
reasons for use, 370 
resistance of conductor, 365 
transmitter, 287 
uses of transmission lines, 343 
Unidirectional pattern, 421 
Units, MKS rationalized, 372-375 
Unit vectors, 377-378 
Unity amplification satge, 221 
Upper side bands, 231 
Upper side-frequency, 231,238 
Uranium oxide crystal, 487 


Vacuum-tube oscillators - see under 
oscillators 
Van der Pol relaxation oscillators, 
181 
V antenna, 416,407 
Variable-m grid, 54 
tube, 281 — 
Variable-reactance tube, 292,293 
for AFC, 280-281 
Vector analysis, 376-382 
addition and subtraction of com- 
plex; .c 
as analog of complex quantity, 2 
complex, 2 
contrast between space and a-c, 
376 
divergence, 380 
field, 377 
geometrical definition, 377 
operator del, 380 
Poynting's, 389-392,461,474-475 
product of two vectors, 378 
rotating, 2 
surface, 579 
terminal pdéint, 2 
unit, 377 
Velocity in MES system, 372 
' modulated oscillators, 249 
Velocity-modulated tube - see also 
under klystron, 330 
Applegate diagram, 333 


bunching, 332 
catcher, 335,39. 


Hahn-Metcalf, 340 
harmonics in current, 3355 
Velocity modulation, 249 
tubes, 329-341 
Velocity of phase propagation, 20% 
in hollow wave guide, 460,461, 
463,476 
on transmission lines, 359 
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Velocity of transmission, 284 
Vertical angle of arrival or de- 

parture, 453 

incidence testing of ionosphere, 

hE 

polarization, 389 

radiation patterns, 407 
Vibration, mechanical, in am- 

plifiers, 87 

mechanical, noise effect, 273 
Video amplifier - see also video- 

frequency amplifier, 27 

cathode-follower stage, 221 

experiment, 505-508 

phase characteristics, 119 

use with CRT, 220 
Video-frequency amplifier, 79,147-~ 

154 

compensation, 148 


low-pass filter coupling, 151 
resistance-capacitance coupling, 


147 
Virtual cathode in magnetron, 313, 
317 
Virtual height of ionosphere, 440- 
“dy 


Voltage, alternating, 1 
amplification, 59,195 
of double-tuned transformer 
coupled r-f amplifier, 14,145 
of single-tuned r-f amplifier, 140 
of transformer coupled tuned 
secondary r-f amplifier, 143 
of video-frequency amplifier, 149, 
150 
Voltage amplifiers, 80 
classification of 85-87 
direct-coupled 87,101 
4mpedance-capacitance coupled, 86 
inductance-capacitance coupled, 86 
resistance-capacitance coupled, 86, 
87 
r-f, 139-147 
transformer coupled, 86,96-100 
Voltage, critical anode, 184 
deflecting, in CRT, 209 
doubler, 64 
feed-back, 198 
feedback controlled by, 112,113 
in MKB system, 3575 
fonization, 184 
limiter, 178 
maximum, 1 
peak, 1 
ratio expressed in db, 88 
regulation of rectifier, 67 
stabilizers, 70,71 
stabilizer, use in commercial 
CRO, 225,226 
wave form, measurement of, 208 
Yolt-ampere characteristics, 85 
Voltmeters, types, 497 


Volume control, automatic (AVC) 


2505279 
manual, 261,279 
in MES system, 372 


Wave - see also electromagnetic 


waves 

alternating, 1 

amplitude modulated - see 
amplitude modulation 

analyzer, 207 

angle of incidence, 432 

angle of reflection, 442 

angle of transmission (refrac- 
tion) 433 

clipping of, 2hy 

cyclical, 1,36 

demodulated, 250 

detected, 250 

direct, 436,448 

direct on transmission line, 
247, 455 

electromagnetic reflection of, 
428-45) 

equation, 384-385 

equation for electromagnetic 
waves, 456 

equation in cyclindrical 
coordinates, 465 

expressions for sine, 3 

extraordinary, 445 

form, measurement of, 208. 

forms, 1 

front, 386 

frequency modulated, 247 

frequency modulated, see 

frequency modulation 

full -, rectifier, 38 

ground, 435,448,450 

ground, reflected, 436 

group, ‘hh 

guide, - see also under 
hollow wave guide 

guided, 436 


guides, as cavity resonators, 325 


guides, hollow, Ch. 14 

guides, hyper-frequency,: 49} 

guides, solid, 472 

half - rectifier, 37 

incident, of electromagnetic 
wave, 386 

incident, on transmission line, 
347 

ideal alternating, 1 

fonospheric, 435 

modulated, 250 

non-sinusoidal, 36. 

O-, 445 

ordinary, 445 

periodic, 1,36 


phase-modulated - 
see also phase modulation 
237,247 
plane, 385-392 
plane of incidence, 433 
polarization of, 388 
power in wave guide, 48) 
radiated, 435 
rectangular, 176 
reflected, of plectromagnetic 
wave, 386 
reflected, on transmission line, 
347,355 
saw-tooth, 181,183 
sinusoidal, 1 
sky, 435,448 
standing, nodes of, 360 
standing, on transmission line, 
357,359,360 
surface, 436,448-h5) 
transverse electric (TE) in wave 
guide, 463,471 
transverse magnetic (T™) in wave 
guide, 460,469 | 
traveling, in wave guide, 457. 
traveling on transmission lines, 
357 
tropospheric, 435 
X-, 445 
Wavelength in wave guide, 457,463, 
482 
contrasted with wavelength in 
unbounded medium, 457 
measured by transmission lines, 
345 
measurement of, experiment, 517 
on transmission line, 359 
relation to size of equipment, 
370 
Western electric 316A tubes, 298 
368A tubes, 299 
system of F-M, 293 
Whisker, 269 
Wien bridge, use for degenerative 
feedback, 201 
Willemite screen material, 213 
Wire, physical qualities, 496 


Work in MES system, 372 
X-wave, 445 


Zigzag reflections, 452 

Zinc beryllium silicate screén 
material, 213 
orthosilicate screen material, 213 
oxide screen material, 213 
sulphide screen material, 213 
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